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ABSTRACT
A review of the systematic predict ion  of new quaternary
mater ia ls  is given. Many new quaternary adamantine phases are
proposed. The preparation of a range of p o ly c ry s ta l l in e  selenides
and sulphides of composition I - T I I - I V - O - V I ,  was undertaken. In
4
twelve selenide compounds and three of the sulphur compounds the 
s tructure  was found to be tetragonal  with a c/a r a t io  of approx­
imately 2.  A systematic var ia t ion  of uni t  c e l l  volume and c/a was 
found over the en t i re  range of compounds grown. Single crysta ls  
of CuGaSnOSe^, CuGaGeOGe^, AgGaSnmSe^ and AgGaGeoSe^ were grown 
by a modificat ion of the Penddlofen vapour transport  method.
This in te re s t ing  technique proved that  i t  is possible to 
t ransport  simultaneously three n o n -v o la t i le  metals in a closed 
tube. Single c rys ta l  d i f f r a c t io n  methods have been used to solve 
the c rys ta l  s tructure  of CuGaSnoSe^. The structure  was found to
be the p a r t i a l l y  ordered defect chalcopyrite  s t ru c tu re ,  space 
12
group I42d (Dg^) copper and gall ium are on one m eta l l ic  
s u b la t t ic e  and t in  and vacancy on the other of the ABXg pat te rn .  
Room temperature l a t t i c e  parameters were determined fo r  a l l  the 
compounds, and the var ia t ions of the l a t t i c e  parameters with 
temperature up to the melting point of CuGaSnOSe^ were studied 
using a high temperature x-ray camera. This compound shows an 
increase in the tetragonal  compression with temperature. The 
resul ts  are in terpre ted in terms of the thermal expansions of 
the A-Se (A = 2 ^Cu + Ga)) and B-Se (B =  ̂(Sn + DJ ) bonds. The 
fundamental absorption edges of the compounds were studied at
room temperature, and the Lowest d i rec t  t rans i t ions  were 
determined at room temperature by ref lectance and wavelength 
modulation re f lec tance.  The ref lectance measurements of 
CuGaSnoSe^ were studied at d i f f e r e n t  temperatures between 
4K to room temperature (295K) to f ind  the temperature 
dependence of the band s t ructure .  I t  was deduced that a l l  
the compounds have d i rec t  gaps. The pr incip les  of operation  
and construction d e ta i ls  of a sensit ive  wavelength modulation 
spectrometer are described. The der iva t iv e  spectra Of these 
compounds show clear  improvement of resolut ion over the 
conventional technique. The melting points and t ra n s i t io n  
temperatures were determined fo r  some of these compounds by 
d i f f e r e n t i a l  thermal ana lys is .
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CHAPTER 1
GENERAL INTRODUCTION
The f i r s t  important applicat ion of semiconductors was to 
provide r e c t i f i e r s  for  low-frequency a l te rnat ing  currents.  But 
the most fortunate applicat ion came with the discovery of 
t rans is to r  action and the invention of the t ra n s is to r .  Another 
important applicat ion is the in f ra - red  detectors.  The modern 
successor to the t rans is to r  is the integrated c i r c u i t  ( I . C . ) .
This s i l icon chip technology has revolut ionized the electronics  
industry for  the second time and has made complex systems such as 
the modern electronic d i g i t a l  microprocessor possible.
A new applicat ion followed with the study of the opt ica l  
properties of semiconductors, the sol id  state  laser .  This has 
provided a tunable l ight  source of very narrow bandwidth. As a 
source i t  can be modulated and linked to opt ica l  f ib res  and is 
playing a v i t a l  part in opt ica l  communications. A less complex 
but related device is  the l igh t -em it t ing  diode. (Though th is  
applicat ion is becoming less important with the new technology of 
l i q u i d - c r y s t a l s ) .
The discovery of the laser and the in terest  in nonlinear  
opt ica l  materia l  in the 1950s stimulated renewed e f fo r t  in the 
research of new semiconductors.
One universal feature in the search fo r  new inorganic 
semiconductors is i t s  in te rd is c ip l in a ry  nature of the research.  
(Solid state  physics and chemistry,  crystal lography e tc . )
The primary aim of the invest igat ion is ne i ther  to determine the 
physics of a material  nor i t s  chemistry,  but rather t h e i r  mutual 
in te rac t ion .
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Compounds with structures related to the diamond 
structure (which is one of the most symmetrical arrangements 
of atoms known in crystal lography) have extensive potent ia l  
applications for  semiconductors devices. Any compound with a 
structure derived from the te trahedra l ly  bonded diamond structure  
can be cal led adamantine. We can say that the roots of the 
adamantine family are the elements of the group IV of the periodic  
tab le .  The binary compounds I I - V I  and I I I - V  follow and they are 
used fo r  certain special  applicat ions.  The obvious next step is  
the ternary compounds; these are the grandchildren of the group 
IV .  The next "generation” of th is  important family of semiconduc­
tors are the quaternary compounds. These quaternary compounds 
are divided into two groups, one is  the normal quaternary 
adamantine compounds and the defect quaternary adamantine 
compounds. The object of th is  thesis is to consider the 
p o s s ib i l i t y  of preparing and growing crystals of the defect  
quaternary compounds with composition I - I I I - I V - O - V I ^ ,  and then 
to f ind the structure and character ize these compounds.
We have divided th is  thesis into seven chapters. The second 
chapter contains a review of the general character is t ic  of the 
adamantine family of semiconductors, t h e i r  systematic predict ion  
and a l l  the quaternary compound,synthesized up t i l l  now, 
including some of the compounds which have been synthesized fo r  
the f i r s t  time in th is  work. Chapter 3 develops the method of 
synthesis and crysta l  growth of these compounds. Also we consider 
two d i f fe re n t  character izat ions;  one is the x-ray powder analysis  
and the other is  the d i f f e r e n t i a l  thermal analysis.  Chapter 4 
contains the determination of the chemical composition, crysta l  
structure analysis by single crysta l  methods, temperature
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dependence of Latt ice parameters and evaluation of the coe f f ic ien ts  
of thermal expansions of CuGaSnoSe^. Chapter 5 presents the study 
of the opt ica l  properties of I - I I I - I V - o - V I ^  semiconductors, and 
the behaviour of band st ructure with the temperature. Chapter 
6 contains the study of the opt ica l  properties of AgGaSnnSe^ and 
CuGaGeoSe  ̂ by wavelength modulation reflectance and a description  
of the experimental technique and apparatus. Chapter 7 contains 
the concluding discussion.
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CHAPTER, 2
FORMATION OF QUATERNARY ADAMANTINE COMPOUNDS
2.1 Introduction
The experimental and theore t ica l  invest igat ions of the 
adamantine group of compounds was the f i r s t  contribut ion of the 
new science of semiconductor physics to engineering and e lectronics.  
Compounds with structures related to the diamond structure have 
extensive potent ia l  applications for  semiconductor devices.
Practical  requirements outs t r ip  the actual p o s s ib i l i t i e s  of the 
science of semiconductor mater ia ls .  New compounds and al loys with 
new q u a l i t ies  and combinations of properties are constantly needed.
In the f i e l d  of adamantine compounds, one of the trends of th is  
research is concerned with systematic pred ic t ion ,  preparation and 
growth of new materials on the basis of complex, multicomponent 
substances of the diamond-zinc blende related structures.
Binary compounds have been f a i r l y  f u l l y  exploited.  The ternary  
compounds have at tracted widespread in te rest  in the last past 
twenty years. The obvious next step,  leads to the consideration
of quaternary compounds. The numbers of quaternary and even higher
compounds is quite large. Some compositions of th is  group of 
quaternary compounds have been studied but not in depth and i t  
w i l l  indeed be surprising i f  one or two new materials with rather  
special  properties do not emerge.
I t  is the object of th is  chapter to review the general
character is t ics  of the family of adamantine compounds, th e i r  
systematic prediction and to consider special ly  the group of 
quaternary compounds. This group is divided into two sub-groups; 
the normal quaternary adamantine compounds and the defect
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quaternary adamantine compounds- The l i s t  of these two sub-groups, 
together with t h e i r  structure and l a t t i c e  parameters are given in 
tables 2.1 and 2 .2 .  We include in th is  l i s t  the compounds studied 
in th is  work, some of which have been synthesized for  the f i r s t  
t ime.
2 .2  General character is t ic  for adamantine compounds
The group IV elements of the periodic table  C, S i ,  Ge, a-Sn 
have the diamond structure which consists of two in terpenetrat ing  
face centered cubic l a t t i c e s ,  arranged so that each atom has four 
neighbours at the corners of a regular tetrahedron bonded by hybrid 
sp  ̂ o r b i ta ls  (symmetry Fd3m or 0^) .  The direct ions of four equivalent  
sp  ̂ hybrid o rb i ta ls  form tetrahedral  angles of 109.4° with each other.
There is another structure of s i l icon  and carbon, also
te t ra h e d ra l ly  bonded to four neighbours, th is  is the rare lonsdaleite
structure which consists of two in terpenetra t ing  hexagonal close
packed l a t t i c e s  (symmetry P6?/mmc or D^.) .o on
Any compound with a structure derived from one or both of these 
te t ra h e d ra l ly  bonded parents is cal led adamantine.
A perfect  sp^ hybrid should occur only i f  one atom is bonded 
to four equal ligand atoms. I f  the ligands are not ident ica l  the 
tetrahedrons are most probably s l ig h t ly  d istorted  and the 
te trahedra l  bonds are bent. (This is the case for  cha lcopyr i te ) .
This deviat ion from the ideal te trahedral  bond angle has been 
explained by taking the wave functions of the hybrid o rb i ta ls  but ' 
combined with d i f f e r e n t  amounts of s wave functions. Other 
complications ar ise  in some compounds where d and f wave functions 
also p a r t ic ip a te  in the hybrid izat ion.
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By d e f in i t io n ,  a structure is cal led a normal tetrahedral  
structure i f  every atom in the structure has four nearest  
neighbours which are located at the ver t ices of a surrounding 
tetrahedron. ( 1 ) .
There is a special  group of te trahedral  s t ructures,  the 
group of defect tetrahedral  structures-  These structures do not 
have a l l  four corners of the tetrahedron occupied with an atom.
In order to discuss these two groups, we can define a parameter,  
z ,  the ra t io  of the numbers of cations and anions in a unit  ce l l  
( 2):
 ̂ _ number of cations in a unit  c e l l  
number of anions in a unit  c e l l
The z value of a normal te trahedral  structure is one, and for  
the defect te trahedral  structure is less than one.
I t  is interest ing  to t ry  and specify the rules for  the 
existence of adamantine compounds. These general descript ive  
rules are guides in the search for e n t i re ly  new semiconductors.
The simplest kind of derived adamantine compounds has been to 
make use of compounds that are related to the elemental semi­
conductors of group IV of the periodic table  by the rule of cross­
subst i tu t ion .  In th is  rule the condit ion being that the valence-  
electron: atom remains constant.  An example of th is  rule is given 
in f igure  2.1 .
I I  — IV -  V-j Zn Ge As-, Chalcopyrite
\  /  /  '
I I I  -  V Ga As Zincblende
\  /
IV y  Si Diamond
/  \
I I  -  VI Cd Zincblende
I  -  I I I  -  VI-, In S- Chalcopyrite
 ̂ I /  \  1^
I^ -  I I - IV - V I - ,  Cu.̂  Fe Sn S. Stannite
'  '  I ' X  \
Ig-V -V I^  Cu  ̂ Sb S  ̂ Famatinite
Fig. 2 .1 .  Relationship between diamond and normal te trahedral  structures  
by the cross-subst itution ru le .
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The given s p l i t t in g  diagram is one of several p o s s ib i l i t i e s .  
The question arises as to how to tabulate  a l l  possible compos­
i t io n s  of adamantine structures.
A l l  the possible adamantine compounds must have an average 
valence electron concentration of four per atom or more general 
per s i t e .  This valence electron concentration rule was found by 
Pamplin (3) and Parthe (4) independently. This rule means that  
every atom has on the average four electrons and w i l l  form an sp  ̂
hybrid with four te trahedral  o r b i ta ls .  The o rb i ta ls  of neigh­
bouring atoms w i l l  in teract  to form covalent bonds. A vacancy 
in the case of defect tetrahedral  structures is surrounded by 
four neighbour atoms, each of them extending one of i t s  tetrahedral  
o rb i ta ls  in the d i rec t ion  of the vacancy. These four o rb i ta ls  are
not used for bonding. Every te trahedral  o r b i ta l  which is not used
for  bonding must obtain a second electron with a n t ip a r a l le l  spin 
to become a non-bonding o r b i t a l .
This rule may also be derived from e i ther  Goldschmidt's rule  
or the Mooser and Pearson rule for  semiconductors. There are 
exceptions to th is  ru le .  Thus CuH and CuD are wurtz i te  s tructure ,  
for  reasons of close packing one supposes. We can wri te  th is  rule
in the form of equation:
Z n .v .
 —  = 4 (2 .1 )
E n. 1
Where n̂  is the number of atoms of the i^^ kind per formula and 
v̂  the number of outer valence electrons.  Vacant s i tes  are counted 
but assigned zero valence. For example consider the ordered 
quaternary Cu^FeSnS^ (the mineral s tann i te ) .  I t  is a tetragonal  
analogue of the zincblende structure; a «  a^ and c «  Za^.
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Applying equation (2 .1 )  one obtains
( 2 ) ( 1 ) + ( 1 ) ( 2 ) + ( 1 ) ( 4 ) + ( 4 ) ( 6 )  32
-------------------------------------------------  = _ =  4
2 + 1 + 1 + 4
Another example is a p a r t i a l l y  ordered defect chalcopyrite  
quaternary CuGaSnoSe^. Applying equation (2 .1 )  one obtains
( 1 ) ( 1 ) + ( 1 ) ( 3 ) + ( 1 ) ( 4 ) + ( 1 ) ( 0 ) + ( 4 ) ( 6 )  = 32 _ , 
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ —  _  4
1 + 1 + 1 + 1 + 4 
E a r l ie r  i t  was believed that adamantine compounds with mixed 
anions could not form. But the I I ^ - O - V - V I I ^  compounds: Zn^OPI^ 
and Zn^oAsI^ and the compounds: Agln^oSe^I,
CuIngOSe^Br and CuIngOSe^I show that they are true ternary and 
quaternary adamantine compounds.
Some of the heavy elements of the 6th period Au, T l ,  Pb have 
d i f f i c u l t i e s  in forming sp  ̂ hybrids. Gold and lead compounds with 
te trahedral  structure are not known. The d i f fe re n t  energy levels  
in these heavy atoms (5d, 5.f ,  6s,  6p) are very close together.  
Dif fe ren t  kinds of hybridizat ion involving d or f  electrons may 
therefore successfully compete with the sp  ̂ hybrid izat ion .  In 
general ,  atoms with p a r t ly  f i l l e d  d shells prefer to form 
hybrid izat ions which also involve d electrons.  This leads to 
octahedral s t ructures ,  structures with planar four coordination,  
and others,  but not te trahedral  structures.
The atoms of a lk a l i  and a lka l in e  earth metals of the fourth 
and higher period are not found in tetrahedral  structures.  The 
e lec t ronega t iv i ty  coef f ic ien ts  of these elements have the value 
of one, or smaller than tha t .  Instead of picking up three or two 
electrons respect ively as required for  an sp  ̂ hybrid ,  these atoms 
prefer  to give away the valence electrons to form s in g le ,  or 
respect ively double,  posit ive  ions with iner t  gas electronic  
structures. As a matter of in terest  i t  should be noted that in the
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example given in Fig. 2.1 the cross-subst itution has been 
confined to the cat ionic constituents. In p r inc ip le  i t  might 
be expected that the anionic s u b - la t t ice  should be capable of 
cross-substitut ion and that a series of structures should exist  
anti-isomorphous to those already described. Goodman (5) reported 
an attempt to prepare some I l l g - I V - V I  ant i -cha lcopyr i te  compounds. 
AlgSnTe, AlgGeTe, and AlgGeSe compositions proved very unstable 
in a i r ,  with rapid evolution of HgTe or H^Se. The expected a n t i -  
chalcopyrite structures were not obtained, but the p o s s ib i l i t y  of 
such series can not be e n t i re ly  ruled out .  One explanation of 
th is  point should be the lower energy of the segregated phases.
In compounds and al loys the two interpenetrating close packed 
l a t t i c e s ,  that make up with the related sphaleri te  and wurtz ite  
structures,  must be populated with equal numbers of cation and 
anion s i tes .
2.3  Extending the adamantine family
We have seen that the adamantine family can be extended by 
considering pseudo binary (or pseudo ternary) systems of known 
adamantine phases.
We can say that theroots of the adamantine family are the 
elements of the group IV of the periodic tab le .  In th is  group, 
s i l icon  which is one of the simplest semiconductors of th is  
fam i ly ,  remains by fa r  the most important one in p ract ice .  The 
binary compounds follow and they are used for certa in  special  
appl icat ions,  (such as GaAs). The obvious next step,  in the 
pursuit  of var ie ty  (and lowered symmetry) to meet p a r t icu la r  
needs, leads to the consideration of ternary compounds. These are 
the grandchildren of the group IV ,  being not ional ly  related to them
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as shown in Fig- 2 .1 .  These compounds have a t trac ted  widespread 
in terest  in the last two decades. While they have not yet found 
extensive commercial applicat ions,  they have become established as 
a topic of continued research. In a book devoted e n t i re ly  to the 
subject of ternary chalcopyrite semiconductors J .L .  Shay and J.H.  
Wernick have dea l t  with the known properties ( u n t i l  1975) of a 
large number of compounds (6 ) .  There is  also a series of procee­
dings of in ternat iona l  conferences about these mater ia ls .
The next "generation" of th is  important family of semicon­
ductors are the quaternaries. The p o s s ib i l i t y  of having quarternary  
compound semiconductors, has been appreciated for some time, but 
very l i t t l e  progress has been made in th is  d i re c t io n ,  mainly owing 
to the d i f f i c u l t i e s  of making the compounds.
C lear ly ,  when we include ternary and quaternary or even higher ,  
compounds the number of possible semiconducting compounds becomes 
very great .  The complete l i s t  of th is  adamantine family would be 
tediously long, and out of the scope of th is  thes is .  Instead we 
shall  discuss the possible l i s t  of the quaternary compound semi­
conductors in the next section of th is  chapter.
2.4 Quaternary normal adamantine structure compounds
Simple considerations, based on the rules for  adamantine 
family of semiconductors, indicate that for  quaternary normal 
adamantine st ructure compounds of general composition A^BCX^, only 
four p a r t ic u la r  compositions are possible:
I^-II- IV-VI^, I-IIg-III-VI^, I-III- IVg-V^, Il-IIIg-IV-V^. 
These compounds can be regarded as supei—l a t t i c e  formations in 
sol id solutions of the ternary compound A^CX  ̂ plus BX, or ternary  
compound BCX̂  plus • For the general composition
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A^BC^X^, only four p a r t icu la r  compositions are possible:
Î -II-IVg-VLy, .
Only two of these compounds have been synthesized (Sec. 2 . 4 . 4 ) .
For the general composition AgBC^Xg, only four par t icu la r  
compositions are possible:
Illg-V-Î -VIg, IVg-III-Ig-VIg, IVg-I-IIIg-Vg.
And for the general composition A^BCXg there are also four possible 
p ar t icu la r  compositions:
Ig-III-IV-VIg, Ilg-I-III-VIg, I I I I I “IV“ , IV^-I-JI-V^.
The last 8 group of compounds has not been yet synthesized.
Some of the compounds of the general composition AgBCX^, ( I 2 - I I - I V  
-V I^  and I - T I g - I i r - V I ^ )  have been studied in 1934 by Brockway ( 7 ) ,  
in 1965 by Hahn and Schulze ( 8 ) ,  in 1967 by Nitsche, Sargent and 
Wild ( 9 ) ,  in 1969 by E.Parthe; K.Yvon and Deitch (1 0 ) ,  in 1974 by 
W.Schafer and R.Nitsche (11 ) .  A l l  of these papers reported crystal  
structure and x-ray powder analysis.  In 1972, U.Ganiel ,  E.Hermon 
and S.Shtrikman (12) studied magnetic ordering in CUgFeSnS^ by 
Mossbauer spectroscopy. In 1980 L.Gueen and W.S.Glaunsinger (13) 
reported, e l e c t r i c a l ,  magnetic and ERR studies in CUgBCX  ̂ (B = I I ,
C=IV, X=S or Se).  In 1977, L.K.Samanta and G.C.Bhar (14) calculated  
nonlinear i ty  (M i l le rs  A )  and average re f ra c t ive  index for  some 
stannite crys ta ls .  In 1977, Donald, M.S. and Aaron Wold (15) 
reported, e l e c t r i c a l  and opt ica l  character izat ion on four compounds: 
CUgZnSiS^, CUgZnSiSe^, CUgZnGeS^, CUgZnGeSe^. I t  is  in terest ing  to 
point out that these are the only opt ica l  measurements that  have 
been done on these compounds. With the exception of these four 
compounds a l l  of the energy gaps remained unknown u n t i l  now.
The crystal  st ructure of these compounds, can be divided into  
three types, d i f f e r in g  in symmetry and unit  c e l l .  1.  The stannite  
structure ( te tragonal  superstructure of sphaler i te  with «  ^sph'
^ te t r '^  ^^sph^“
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2.  An orthorhombic or wurzite (a «  2a ,or w
b «  \/Ta ,  c »  c ) .  3.  A h i therto  unknown structure typeor w or w
based on s l ig h t l y  d istorted sphaler i te -s ized ce l ls  of te tragonal ,  
orthohombic or monoclinic symmetry.
2 .4 .1  Quaternary compounds of the type stannite related  
to sph a le r i te .
The compounds Cu^FeSnS^, Cu^FeGeS^ and A9 2 SnFeS^ are known 
as the minerals s tan n i te ,  b r i a r t i t e  and h o c a r t i te ,  respect ively.  
They are a very good example of a quaternary normal adamantine 
structure compounds. The atomic arrangement of Cu^FeSnS^ is shown 
in Fig.  2 . 2 ,  space group I42m (Dg^) and point posit ions are:
CugFeSnS^ - I42m
Atoms X y z
2Fe in (2a) 0 0 0
2Sn in (2b) 0 0 &
4Cu in (4d) 1 1
0 , i , i ; ^ , 0 , i
0/2 2/0 4 / 4
8S in ( 8 i ) 1 1
x , x , z ; x , x , z ; x , x , z ; x , x , z
4 4
This structure consists of a l te rnat ing  cation layers of mixed B 
and C atoms, which are separated by layers of Cu atoms. The 
unit  c e l l  is tetragonal  with c/a « 2 .  Every sulphur atom is 
surrounded by ISn,  1Fe and 2Cu. This ordering leads to
tetragonal  superce l ls ,w ith  a^sl "stanS* ^ ^ b l .
The compounds isotype with stannite are l is te d  in
table 2 . 1 ,  with th e i r  l a t t i c e  parameters.
-  13 -
Cu2 Fe Sn S
•  o
Fig. 2.2 Stannite structure (e .g .  Cu^FeSnS^), I42m
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2 .4 .2  Quaternary compounds of the type related to wurzite
There are two wurtz i te  re lated quaternary superstructure types:
the orthorhombic Cu^CdGeS  ̂ and the monoclinic NagZnSiO^ type.
Type Cug CdGeS  ̂ is  an orthorhombic superstructure of wurzite with
c e l l  dimensions: a «  2a ,  b % /3a ,  c »  c . In analogy to or w or w or w
Stannite i t  sha ll  be ca l led wurtz-stannite  (wst) hereafter .  
Wurtz-stannite is also acentric (space group Pmn2^) and the unit  
c e l l  is derived by doubling an orthohexagonal w u r t z i te -c e l l  in 
the a -d i re c t ion .  The metal coordination around each sulphur atom 
is the same as in s tann i te .  The atomic arrangement is shown in 
Fig. 2 . 3 ,  and point posit ions are:
CUgCdGeS  ̂ -  Pmn2  ̂ (CL)
Atoms X y z
4Cu in 4(b) 14 13 0
2Cd in 2(a) 56 0
2Ge in 2(a) 16 12
4S(1) in 4(b) 14 13 38
2S(2) in 2(a) 56 38
2S(3) in 2(a) 16 78
Type Na2 ZnSiO^, the unit  c e l l  of Na^ZnSiO^ is a monoclinic super­
structure of wurzite with the same r a t io  of parameters that of the 
unit  ce l l  of CugCdGeS^. The space group of th is  structure is Pn(C^) 
and the representation of the unit  c e l l  is pseudo-orthorhombic.
The atomic arrangement is shown in Fig. 2.4 and point positions are:
-  15 —
C u 2 Cd Ge
e O ® O
Fig. 2.3 Structure of Cu.CdGeS,
c  4
Fig. 2 .4  Structure of Na^ZnSiO^
-  16 -
NagZnZiO^ - Pn(C^)
Atoms X y Z
2Na(1) 34 23 0
2Na(2) I 16 0
2Zn 0 16 0
2Si 14 23 0
20(1) 34 23 38
20(2) 12 16 I
20(3) 0 16 38
20(4) 14 23 38
The compounds isotype to wurtz-stannite  are l is ted  in the Table (2 .1 )
2 .4 .3  Quaternary compounds of the type related to sphaleri te
deformation (s . -  def)------------------------ ph------------
Schafer and Nitsche have reported (11) the absence of 
superstructure l ines in conjunction with a deformation of the 
sphaleri te  c e l l  in many of the Ni and Co containing quaternaries  
therefore indicates the occurrence of a th i rd  structure type, denoted 
Sph-def. I t  is assumed to consist of an ordered d is t r ib u t io n  of the 
four metal ions (Cu + Cu + I I  + IV) on the four metal s ites of a 
sphaleri te  c e l l .  The concurrent loss of symmetry leads to s l igh t  
deformation but not (as in St and Wurtz-stan. )  to a doubling of the 
c e l l .
I t  can be shown that a l te rn a t iv e  stacking of CUg -  I I  -  IV 
metal nets (with the same atomic arrangement as in the corresponding 
metal nets of the Wurtz-stannite structure)  and close-packed sulphur 
nets in the cubic sequence A-B-C leads to a st ructure of space group 
P42m. This structure has a (pseudo-cubic) tetragonal c e l l  containing 
one formula unit  CUg- I I - IV -S^,  i . e .  the same number of metal and 
sulphur atoms as the Sph-cell .  The arrangement of the four metals
-  17 -
around the sulphur atoms is ident ica l  to that of Stn. and wurtz-
stan. The compound CUgNiGeSe^ could belong to th is  tetragonal
version of the Sph-def type. Stronger deformations leading to
orthorhombic or even monoclinic symmetries seem possible.  (Cu.NiGeS,
c 4
and CUgNiSiS^ Sph-def therefore denotes a var ie ty  of structures  
( a l l  having ce l ls  of Sph-dimensions but of d i f fe re n t  symmetries) 
rather  than a special  structure type.
The x-ray analysis of CUgNiSnS^, CUgNiSnS^ and CugCoSnSe^  ̂
showed only the simple Sph. pattern without l ine s p l i t t in g  or 
superstructure re f lec t ions .  Here i t  could be possible to postulate  
a purely s t a t i s t i c a l  d is t r ib u t io n  of the four metals in a Sph- 
l a t t i c e .  However, i t  is equally probable to assume an ordered 
d is t r ibu t io n  with a pseudocubic c e l l  of the above-mentioned 
tetragonal space group P42m having a c/a ra t io  so close to one 
that l ine s p l i t t in g  is not observable. This assumption is plausible  
in view of the fact that the t i n  containing quaternaries which 
c r y s ta l l i z e  in the stanni te structure have also c/a values 
closely approaching the ideal  value ( in  th is  case 2 ) .
2 .4 .4  Crystal  st ructure of the quaternary Cu^NiSi
W.Schafer, et al  reported the crysta l  structure and magnetic 
properties of th is  compound (23) and synthesized the isotypic Cu  ̂
NiGegSy. The structure of Cu^NiSigSy can be described as s l ig h t l y  
d is to r ted ,  cubic closç-packed sulphur subla t t ice  in which one ha l f  
of the tetrahedral  voids are occupied in an ordered manner by Cu,
Ni and Si .  The structure is non-centro-symmetry and space group 
02. The maximum deviation from the ideal tetrahedral  angle is only 
7 .7 ° .  I t  is inte resting to note that contrary to most sulphides 
the Ni atoms in the structure are te trahedra l ly  coordinated by 
s atoms. Fig 2.5 is a drawing of the contents of uni t  c e l l .
— 18 —
Fig. 2.5 Unit c e l l  and bond lengths in Cu^NiSi^S^ (R e f .23)
Q - s  Q = s i  0 = ^ '  O Cu
Fig. 2 .6  Idealized project ion of uni t  ce l l  of CUyNiSiSy 
and re la t ion  to sphaleri te  ce l l  (dotted l in e s ) .  
Number indicates heights of atoms above a-c plane. 
(Ref. 23)
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Fiq. 2.6 is an ideal ized project ion along CO 1 0] and shows the 
re la t ion  between the monoclinic super la t t ice  and a sphaleri te  ce l l  
The approximate dimensional re lations are : a = 5/a . ; b = a
c = ^/W ^ a . ; 3 = tan’ S  + tan"^Q.5 = 9 8 .13 ° ,  V = (7 /2 )  V . .sph '  sph




CUgNiSig Sy -  C2
Atoms X y z
Cud) .1409 .0190 .4360
Cu(2) .2100 .5060 .1395
Ni 0 0 0
Si .4255 .9950 .2843
8(1) .7210 .5
8(2) .0627 .2630 .2174
8(3) .2861 .7760 .3497
8(4) .3630 .2430 .0893
We ca l l  th is  structure Sph-def-mono. in the Table 2 .1 .  
Cu^NiSigSy becomes antiferromagnetic at low temperatures,
2.5 Quaternary defect adamantine structure compounds
We have seen in section (2 .2 )  that the rules for  adamantine 
family permit extend th is  family to a group**of structures which are 
called "defect adamantinestructures". We recognize defect  
adamantine structures as those with vacant coordination s i te s .
The arrangement of the vacancies and with i t ,  of the atoms, in 
the structure cannot be predicted.
There are the following possible groups of quaternary defect  
compounds:
— 20 —
Type Group of quaternary defect compounds
ABCOX̂ I-II-V-o-vi I-III-IV-O-VI, 4 4
A g B C g O g X g Ig - I I I - V g - O g -V Ig ,  Il^-IV-IIIg-C^-VIg, Ig-V-IVg-C^-VIg
AB^DXgY i-iii^-o-vi^-vii





The structure data of the quaternary defect compounds synthesized 
up to the present are Listed in table  2 .2 .  The crysta l  structure of 
these compounds can be divided into four types, d i f f e r in g  in symmetry 
and uni t  c e l l .  1. P a r t i a l l y  ordered chalcopyrite structure.
2.  The cubic structure type HgGagTe^. 3.  The phenacite structure  
(hexagonal). This structure is te trahedral  but non-adamantine and that  
is  the reason i t  has not been included in the table  2 . 4 ) ,  and the 
spinel structure.  In th is  ideal structure the anions form a cubic 
close packing, in which the cations p a r t ly  occupy the te trahedral  
and octahedral in te rs t ic e s .  The unit  ce l l  contains 32 anions forming 
64 tetrahedral in te rs t ic e s  and 32 octahedral in te rs t ic e s ;  of these 
8 tetrahedral  and 16 octahedral in te rs t ices  are occupied by cations.  
Also th is  structure is non-adamantine and i t  has not been included in 
table  2 .2 .  In the fol lowing sections of th is  chapter,  we w i l l  discuss 
the quaternary defect adamantine compounds only.
-  2 1  -
2.5 .1  Quaternary defect adamantine compounds of the type 
I - I I I - I V - O - V I ,----------------------  4
Hahn and St r ick  (23) carried out an i n i t i a l  investigation  of
a number of the copper compounds of th is  type, determining la t t ic e
parameter values and showing that the compounds are te trag o n a l,  but
they did not establish the ordering condition in the compounds.
Further prelim inary work on both the copper and s i lv e r  compounds has
been reported by Pamplin et a l (2 4 ,2 5 ) .  The present thesis reports
an investigation  of the properties of copper compounds together with
the corresponding s i lv e r  compounds including crys ta l s truc tu re ,
crys ta l growth, d i f f e r e n t ia l  thermal ana lys is , op tica l properties of
these compounds and la t t ic e  parameters of CuGaSnnSe, as functions of
4
temperature.
The Selenide compounds and three of sulphide compounds have 
the p a r t ia l ly  ordered chalcopyrite s tru c tu re , as the re lated  
te rnaries  ( I - I I I - V I g ) .  In the te rnaries  we have two metal atom 
sub -la tt ices  each uniformly populated with atoms from groups I  and 
I I I  respective ly . In the quaternaries the same two su b -la tt ices  occur, 
One s u b -la t t ic e  is  populated randomly with equal number of atoms 
from two d if fe re n t  groups while the other s u b - la t t ic e  is  populated 
randomly with equal numbers of vacancies and atoms from the th ird  
group. The group VI atoms occupy the same positions in both types 
of compounds. AgGaGeS  ̂ has a h ith e rto  unknown structure type with 
orthorhombic symmetry. The atomic arrangement of CuGaSnoSe^ (see 
chapter I I I )  is shown in F ig ,2.7 space group I42d and point positions  
are:
-  22 -
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Fig- 2 .7 .  Structure of CuGaSnDSe
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CuGaSnOSe  ̂ -  I42d
Atoms Coordinates
Cu and Ga s t a t is t i c a l ly  d is tr ibu ted  in (a) 
Sn and □ s t a t is t i c a l ly  d is tr ibu ted  in"(b)  
Se in (d) with x=0.25708
0 , 0 , 0 ; 0 , 1 ,0 ,1  
0 / 0 , J ; a , i , J ; i , ^ , Q ; J ,0 , î
The structure data of these compounds and other quaternary compounds 
with defect adamantine structures are Listed in Table 2 .2
2 .5 .2  Quaternary defect adamantine compounds of the type 
□ -  VI ^ -V I I
Only three compounds of th is  group have been synthesized up t i l l  
now (CuIngOSe^Br, C u In^S e^ I,  A g ln^S e^D - The structure is related  
to sph a le rite .  The structure is cubic HgGay Te^ type. Space group 
F43m.
2.6  Conclusions
The quaternary adamantine compounds with th e i r  structure and la t t ic e  
parameters are l is te d  in the ta b le .  These tables in the future should 
be enlarged with hundreds of new compounds, but the most important work 
to be done in evaluating these compounds i s ,  to study th e ir  physical 
properties (o p t ic a l ,  e le c t r ic a l  p ropert ies , e t c ) . ,  because on these 
properties depends the po ten tia l  future app lication  in semiconductor 
devices.
The re lationships between the various adamantine structures are 
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CHAPTER 3
QUATERNARY DEFECT ADAMANTINE COMPOUNDS, SYNTHESIS, GROWTH AND 
CHARACTERIZATION
3.1 Introduction
A survey of a l l  known quaternary cpmpounds is shown in chapter 2.
Table 2.2 gives a l i s t  of new quaternary defect adamantine compounds
that have been prepared for the f i r s t  time in th is  work. The method
of synthesis of these compounds is given in th is  chapter.
The x-ray study was carried out fo llowing the Debye-Scherrer
procedure, since a l l  the samples were f in e ly  c r y s ta l l in e .  For a l l
photographs Cu Ka-radiation was used. The re la tionsh ip  between
structure and la t t ic e  parameters fo r  the quaternary and ternary
related compounds are examined. A systematic v a r ia t io n  of both
AV = V^- (d ifference between the ternary and quaternary unit c e l l
volumes) and A(c/a) = (c /a )^ -  (c /a )  was found.t  q
D if fe re n tia l- th e rm a l-a n a ly s is  (DTA) was used to f in d  the melting 
point and tra n s it io n  temperatures of some of these compounds 
(spec ia lly  the materials we were in terested to grow). These parameters 
are very important because they give some ind ication  of the 
experimental conditions for growth of these m ateria ls . In these DTA 
curves, the peaks can arise  from both physical and chemical changes.
The former include m elting, bo iling  and s o l id -s o lid  s tru c tu ra l  
t ra n s it io n s ;  sometimes a so lid  reaction product w i l l  form a low 
melting eutectic with a sample which would not i t s e l f  have melted.
In the la t t e r  case, peaks can result not only from reaction of the 
sample i t s e l f ,  but also from secondary reactions of evolved 
decomposition products.
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A modification of PendoLofen vapour transport is introduced to 
grow good single crysta ls  of CuGaSnoSe^, AgGaSnoSe^, AgGaGeoSe  ̂ and 
CuGaGeoSe^. We have been able to show that fo r growing single crystals  
i t  is  p a r t ic u la r ly  advantageous to reverse d irec tion  of the temperature 
gradient p e r io d ic a l ly  instead of keeping i t  constant, which is the 
usual p rac t ice . This in te res ting  technique introduced fo r  the f i r s t  
time by Scholz (38) proved that i t  is possible to transport  
simultaneously three n o n -vo la t ile  metals in the closed tube.
3 .2  Tetrahedral composition diagram for quaternary compounds
Ohachi and Pamplin (29) reported that quaternary compounds, in 
which a group v i  chalcogenide element is included, can be discussed 
with pseudoternary systems of four binary compounds, I g - V I ,  I I - V I ,  
I l lg -V Ig  and IV -V Ig . Fig. 3.1 shows a te trah edra l composition diagram 
of the possible quaternary compounds. Quaternary compounds are shown 
on i ts  surfaces and ternary compounds on i t s  edges, quinary compounds 
could be shown in i ts  inside area.
In th is  f ig .  3.1 we can draw the l in e  of the I - I I I - V I g ,  IV -V I^
pseudobinary systems. From the systematic study of th is  pseudobinary
systems several in te res ting  new compounds were found of composition
I - I I I - I V - V I , .  Three d i f fe re n t  structures have been found in these 4
groups of compounds. One is the p a r t ia l l y  ordered defect chalcopyrite  
structure , the l i s t  of compounds with th is  structure is given in 
Table 2 .2 .  Hahn and S tr ick  (24 , 30 , 31) have e a r l ie r  prepared 29 of 
these compounds, 13 of these, p a r t ic u la r ly  chromium compounds, were 
spinel. Chromium does not occur in adamantine compounds p referr ing  
octahedral co-ordination . The other 16 were adamantine and they are 
discussed in the chapter 2. Ohachi and Pamplin (29) reported that  
CuInSnS^ and AglnSnS^ were superionic spinel structure AgGaGeS  ̂ has
-  37 -
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(chaic.or wurtz.)
* ^ 1 7  /  D*f«ct spinel region tzsa75) 
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2 3 In^SnSj Sn^(Cdyype)
Fig. 3 .2  Spinel compounds on the system of Ag_S -  I_&_ -  SnS  ̂




Fig. 3 .3 Ternary diagrams showing adamantine regions.
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a h ith erto  unknown structure type, with orthorhombic symmetry (Table 
2 .2 ) .  Many te l lu r id e s  do not appear to be single phase at th is  
composition (3 2 ) .  Figures 3 .2  and 3 .3  show two in te res ting  ternary  
diagrams in which these two d i f fe re n t  structures were found.
3.3  Preparation of p o lycrys ta ll in e  m aterials
In general, raw m aterials were of high p u r i ty .  Copper, s i lv e r ,  
gallium , t i n ,  germanium, aluminium, selenium and sulphur were of 
99.999% p u r i ty .  Copper and t in  were in the form of w ire ,  sulphur was 
in ir re g u la r  chunks, s i lv e r ,  gallium and selenium were in beads or 
shot. For th is  work, Ga, S, Se, and Ag were used as received. Copper 
was etched to remove the oxide coating.
Because of the high vapour pressure of the group VI elements at 
elevated temperatures, preparation of these compounds is not s tra ig h t ­
forward and the usual precautions must be taken. Stoichiometric  
quantit ies  of the raw m ateria ls were packed and sealed into  quartz  
ampoules under a vacuum of 10  ̂ t o r r .  Each ampoule was sealed inside  
a bigger ampoule as a safety precaution against the bursting of a tube.
The sample was heated quite  rap id ly  to 2G0-40Q°C and kept at that 
temperature overnight. Subsequent heating to 1000 -  1100°C was very slow. 
We used 10°C/hour for the selenides and 2°C/hour fo r the sulphides. 
Samples were kept at the high temperature fo r  at least a day. The 
heating was carried  out in a rocking furnace and during the heating up 
and also during the reaction at high temperatures, the sample was 
rocked to ensure good mixing of the components. F in a lly  the specimens 
were cooled slowly to room temperature. The resu lt ing  ingot was cut 
up to provide specimens for powder x-ray photographs and for op tica l  
work.
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Some specimens on x-ray analysis showed the presence to a greater  
or lesser ex ten t,  of the ternary I - I I I - V I ^  and IV -V Ig .  In some cases 
however the dichalcoganide was barely d iscern ib le  and the ternary was 
undetectable. These samples were powdered, compressed and annealed 
just below th e i r  melting points fo r two to three weeks. They were 
then found to be single phase. Samples of a l l  compounds given in 
table  3.1 were prepared in th is  way.
The method of reacting from the elements was used fo r  two reasons: 
(a) p u rity  of the f in a l  produce would be higher because, in general,  
the elements were ava ilab le  in higher p u r i t ie s  than were the simple 
chalcogenides, and (b) i t  was f e l t  that stoichiometry could be more 
c are fu l ly  contro lled .
3.4 X-ray analysis
The x-ray study was carried out fo llowing the Debye-Scherrer 
procedure. A P h i l l ip s  114.6 mm diameter d i f f r a c t io n  camera was used 
with Straumanis f i lm  configuration . Copper rad ia tion  was used to 
i r ra d ia te  the f in e ly  powdered sample.
The d istance, d, between planes with M i l le r  indices (h ,  k .  I )  for  
the tetragonal space group, I42d , i s ,  given by,
1 = hflhl * r  = iiinle. o.i)
d ' a '  d" X"
In the selenide compounds and three of the sulphur compounds, the 
structure was found to be te tragona l.  On account of the large  
number of compounds and for reasons of economising on space, a 
tabular presentation of the x-ray data fo r a l l  the compounds has been 
omitted. The x-ray data of a few ch a ra c te r is t ic  diagrams are shown in 
tables 3 .2 ,  3 .3  and 3 .4 .  The la t t i c e  constants of a l l  the compounds 
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Table 3 .2  X-ray powder data of CuGaSnoSe,
h k I
: i" = *c a l d(Â) I / I 0
101 0.0236 0.0237 5.0163 9.60
112 0.0573 0.0573 3.2182 100.00
103 0.0634 0.0630 3.06 7.50
200 0.0758 0.0753 2.7998 4.20
211 0.0994 0.0991 2.4449 9.60
213 0.1385 0.1383 2.0713 5.00
105 0.1421 0.1414 2.0446 5.00
220 0.1508 0.1507 1.9852 63.30
204 0.1545 0.1540 1.9609 87.50
301 0.1745 0.1744 1.8450 4.20
312 0.2085 0.2080 1.6882 75.80
116 0.2145 0.2142 1.6643 37.50
323 0.2897 0.2890 1.4323 6.70
400 0.3016 0.3013 1.4036 24.20
008 0.3141 0.3140 1.3755 10.80
332 0.3589 0.3586 1.2866 17.50
316 0.3652 0.3650 1.2755 30.80
424 0.4556 0.4551 1.1421 35.80
228 0.4643 0.4645 1.1314 16.70
512 0.5096 0.5093 1.0799 15.80
336 0.5110 0.5155 1.0785 10.00
11 10 0.5283 0.5281 1.0606 6.70
440 0.6022 0.6026 0.9935 5.00
408 0.6153 0.6152 0.9828 10.00
532 0.6597 0.6599 0.9491 9.20
516 0.6663 0.6662 0.9444 8.80
13 10 0.6789 0.6787 0.9355 9.20
620 0.7531 0.7533 0.8883 10.90
604 0.7562 0.7564 0.8865 10.90
02 12 0.7822 0.7816 0.8716 5.00
536 0.8167 0.8168 0.8530 8.30
33 20 0.8300 0.8295 0.8461 4.20
448 0.9161 0.9165 0.8054 8.30
712 0.9612 0.9612 0.7863 9.20
15 20 0.9802 0.9801 0.7786 6.70
— 42 —
Table 3 .3  X-ray powder data of AgGaSnaSe^
h k I
sin'Gcal d(8) I / I 0
101 0.0225 0.0225 5.087 15.4
112 0.0557 0.0551 3.264 100
103 0.0638 0.0631 3.051 7.7
211 0.0926 0.0920 2.531 9.2
213 0.1334 0.1330 2.110 7.7
220 0.1406 0.1401 2.Ô55 69.2
204 0.1520 0.1510 1.975 93.8
312 0.1945 0.1941 1.745 76.9
116 0.2181 0.2180 1.650 38.5
400 0.2790 0.2781 1.458 24.6
008 0.3250 0.3250 1.353 10.8
332 0.3340 0.3332 1.333 21.5
316 0.3567 0.3566 1.290 27.7
424 0.4295 0.4290 1.176 47.7
228 0.4642 0.4641 1.131 15.4
512 0.4728 0.4721 1.121 20.0
336 0.4964 0.4960 1.094 15.4
11 TO 0.5426 0.5426 1.047 7.7
440 0.5561 0.5560 1.0340 7.7
408 0.6026 0.6028 0.993 10.8
532 0.6110 0.6110 0.986 13.8
516 0.6340 0.6343 0.968 10.8
13 10 0.6812 0.6815 0.934 12.3
620 0.6948 0.6948 0.925 13.8
604 0.7061 0.7065 0.918 10.8
536 0.7730 0.7733 0.877 15.4
20 12 0.8000 0.8000 0.862 10.8
33 10 0.8200 0.8200 0.852 9.2
448 0.8800 O.8800 0.822 12.3
712 0.8880 0.8880 0.818 12.3
15 10 0.9580 0.9592 0.787 10.8
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Table 3 .4  X-ray powder data of AgGaGeoSe^
h k I sin'Gobs d(A)
101 0.0232 0.0231 5.040 9.8
112 0.0575 0.0572 3.204 100.0
200 0.0700 0.0701 2.979 6.1
211 0.936 0.0933 2.516 7.3
220 0.1410 0.1405 2.047 72.0
204 0.1590 0.1585 1.928 95.1
312 0.1980 0.1976 1.728 87.8
303 0.2077 0.2076 1.691 9 .8
116 0.2350 0.2342 1.588 36.6
400 0.2820 0.2810 1.450 28.0
402 0.3054 0.3050 1.394 6.1
332 0.3389 0.3380 1.324 18.3
008 0.3540 0.3530 1.295 9 .8
316 0.3750 0.3740 1.257 25.6
424 0.4403 0.4400 1.161 45.1
512 0.4804 0.4800 1.112 19.5
228 0.4944 0.4940 1.096 18.3
336 0.5150 0.5150 1.074 12.2
440 0.5624 0.5620 1.028 11.0
11 10 0.5910 0.5900 1.002 5 .0
532 0.6202 0.6200 0.979 14.6
408 0.6353 0.6345 0.966 9 .8
516 0.6557 0.6551 0.952 11.0
620 0.7023 0.7021 0.920 11.0
604 0.7207 0.7200 0.908 9 .8
13 10 0.7273 0.7270 0.903 9 .8
536 0.7956 0.7952 0.864 8.5
33 10 0.8670 0.8670 0.828 6.1
712 0.8991 0.8992 0.813 8.5
448 0.9145 0.9145 0.806 8.5
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An inspection of the subscripts showed, as can be seen from tables  
3 .2 ,  3 .3  and 3 .4 ,  the following interference rules:
h k I only exi sting where h + k + I = 2n
0 k I only exi sting where k + I = 2n
h. h I only exi sting where 2h + I = 4n
h 0 0 only exi sting where h = 2n
0 0 I only exi sting where I = 4n
h h 0 only existing where h = 2n
These interference rules can be brought in to  agreement upon
inspection of a zinc-blende l ik e  la t t ic e  with in terference laws of the
12space group of the chalcopyrite (Dgy) I42d .
A computer programme was used to ca lcu late  d and 0 fo r  copper 
k ,  k rad ia tion  and the weighted mean. The film s are shown inCti «2
f ig  3 .4  & 3 .5 .  In f ig  3 .5  the comparison of the x-ray patterns between
the ternary and analogue quaternary compounds are shown. The comparison
of the x-ray patterns of the quaternary CuGaSnoSe^ p o lyc rys ta l l in e
(before growth) and the single c rys ta l of the same compound (a f te r
growth) are shown in f ig .  3 .4 .  Resolution of the k^ and k^ doublets
CX2
are c lea r ly  observed at high 0 values. The f ilm s were measured 
accurately using a vernier ru le r  and f i lm  shrinkage errors corrected.
I f  the camera constants are known accura te ly , there are two main 
sources of systematic e r ro r .  Absorption of the x-rays tends to s h i f t  
the lines to higher 0 values. Eccentr ic ity  of the sample in the 
d irec tion  of the x-ray beam w i l l  increase or decrease 0 depending on 
the sense of the displacement. Both of these e ffe c ts  become zero 
fo r  backscattering (0=90°), so that a least squares f i t  to a correction  
function 8 which extrapolates the calculated values of the la t t ic e  
parameters from the various lines to 0 = 90° gives an accurate 
determination of the la t t ic e  constants. Various correction functions 
including the Nelson-Riley formula for absorption (33) were t r ie d  in a 
































For a l l  twelve selenide compounds and three of the sulphur 
compounds, the structure was found to be tetragonal (2 6 ) .  The (c /a )  
ra t io  of approximately 2 was confirmed for a l l  of the tetragonal 
compounds by a study of the ordering l ines  observed in the powder 
photographs, and i t  was established that a l l  these compounds showed a 
defect chalcopyrite s tructu re .
I t  is  in te res ting  to look at the changes in l a t t i c e  parameter 
from ternary  to quaternary. In f igures 3 .6  and 3 .7 ,  fo r  the set of 
both the 6e substituted and Sn substituted quaternary compounds, the 
d ifference between the ternary and quaternary unit c p l l  volumes 
(AV = -  Vq) is  p lo tted  against the ternary volume V^, and s im ila r ly
A(c /a) = (c /a )^  -  (c /a )^  is  p lo tted  against (c /a )^ .  The la t t ic e  
parameter values fo r  the ternary compounds have been taken from the  
l i t e r a tu r e  (3 9 ) .  I t  is  seen that for each set of compounds there is  
a systematic va r ia t io n  of both AV and A (c /a ) .  In a l l  cases except
CuGaSnDSe  ̂ and CuAlSnoSe^ the quaternary unit c e l l  is  smaller than the
ternary one. This is presumably because the vacancies allow the atoms 
to pack s l ig h t ly  more c lose ly .
To a f i r s t  order approximation, the va r ia t io n  of AV with V  ̂ can be
represented as a s tra ig h t l in e  as shown, the slope of the line  fo r the
Ge compounds being 1.47 times that of the Sn compounds. This larger  
slope can be a t tr ib u te d  to the smaller size of the Ge atom compared 
with the Sn atom. Taking the volume of the atom as proportional to  
the cube of the atomic radius (35) the ra t io  of Sn volume to Ge 
volume is  1 .50 . This agreement tends to confirm that the compounds 
a l l  have the same structure and that the change from ternary to  
quaternary is  due to substitu tion  of a combination of atom and la t t ic e  
vacancy which requires less volume.
— 48 —
>  LO
320 360 380 C20 UO








Fig. 3 .7  The var ia t ion  of c/a = (c /a )^ -  (c /a )^  with (c /a )^  for Ge 
and Sn substituted quaternary compounds.
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In the case of A (c /a ) ,  A (c /a) is pos it ive  fo r  the Ge compounds 
(the ternary c/a is Larger than the quaternary) but is negative for  
the Sn compounds. The value of A (c/a) are r e la t iv e ly  small and hence 
less accurate, but again a s tra ig h t l in e .  The l in e  having pos it ive  slope 
fo r  the Sn compounds and negative slope fo r the Ge compounds. The 
magnitude of the two slopes i s ,  w ithin the l im its  of experimental 
e r ro r ,  equal.
A very s im ila r  e f fe c t  was observed by W.Schafer and R.Nitsche (11) 
in the normal quaternary adamantine compounds reported in the tab le  3 .5 .  
This table  contains the reduced c e l l  volumes V^, i . e .  the volumes of one 
unit of C ug-II- IV -S^  (Se^O. An increase of in the sequence Si-Ge-Sn 
is  observed in each column. On passing from CUgCdSiSe^ to CUgCdGeSe  ̂
an exception is noted, but i t  should be taken in to  consideration that  
a change in structure from w urtz-stannite  to stannite  is occurring, too. 
Within each row (va r ia t io n  of the I l -e le m e n t ) ,  tends to decrease in 
the sequence I I  = Mn-Fe-Co-Ni. The d ifferences in between neighbouring 
compounds are smallest in the rows where IV = Sn. In the sequence 
I I  = Zn-Cd-Hg, on the other hand, Vr increases, the major increments 
lying between the Zn and the Cd compounds.
I t  is in te res ting  to point out that the c/a ra t io  for the normal 
quaternary compounds is bigger than the defect quaternary compounds 
(tab les 2.1 and 2 .2 ) .  This is  the ind ication  that the structure of 
the defect quaternary compounds is  more d is torted  than the structure  
of the normal quaternary compounds, and bigger non-linear e f fe c ts  should 
be expected in the defect quaternary compounds.
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3.5  D i f f e r e n t ia l  thermal analysis (DTA)
DTA measurements were carr ied out with a Dupont Thermoanalyzer 
un i t .  The s tar t ing  materials for  each DTA run were the po lycrys ta l l ine  
compounds prepared in the way reported in section 3 . 2 ,  and subjected 
to x-ray d i f f r a c t io n  ana lys is ,  before being sealed into evacuated quartz 
ampoules containing thermocouples as shown in f i g  3 .8 .  The 
thermocouples were in intimate contact with the vessels containing 
the samples and reference substance, detected d i fferences in temperature 
between the sample and the reference as they were both heated and 
cooled. The v a r iab le ,  AT, is p lotted against e i th e r  actual sample 
temperature, as detected in the centre of the sample, or against  
time.
In DTA a reference materia l  is required to balance the thermal 
d i f f u s i v i t y  of the sample. I t  is imperative, that  the reference 
material  has no thermal a c t i v i t y  (phase t ra n s i t io n s ,  chemical reactions,  
e tc . )  in the temperature range being studied. S i lve r  was the reference 
material  used in our measurements.
Some of the thermograms obtained are shown in f igures 3 . 9 ,  3 .10  
and 3 .11 .  The melting points and t rans i t ion  temperatures of some of 
the defect quaternary adamantine compounds are summarised in table  3 .6 .
The l e t te r s  in f i g .  3 .9  are shown to i l l u s t r a t e  the analysis of 
the thermograms. On raising the temperature of the furnace, a small 
but steady temperature di fference develops between the test  and 
reference mater ia ls .  This is because, although the temperature at 
the centres of both materials w i l l  lag behind that  of the furnace,  
the magnitude of the lag depends pr imari ly  on the thermal conductivity  
and heat capacity of each substance. The DTA curve continues in an 
approximately r e c t i l i n e a r  manner, u n t i l  the tes t  material  undergoes 
some physical or chemical change (AB). At point B, the curves begin
-  53  -
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to deviate from the base l i n e ,  due to an endothermie process 
occurring within the test sample. This po in t ,  B, w i l l  be referred to 
as the onset temperature of the reaction,  or phase t r a n s i t io n .  A high 
temperature x-ray camera was employed to determine the change at th is
temperature in CuGaSnoSe^. At 590°C. CuGaSnoSe^ decomposed into  
phases probably CuGaSe  ̂ and SnSe^. Detai l  of th is  analysis is  given 
in chapter 4.  The t ra n s i t io n  temperature given by high temperature 
x-ray analysis is the same as for  the DTA measurements (see f i g .  3 . 1 0 ) .  
The endothermie peak temperature, C, corresponds to the maximum rate  
of heat consumption detected by the d i f f e r e n t i a l  thermocouples. I t  does 
not necessari ly correspond to the maximum rate of react ion ,  nor to 
completion of the endothermie process. General ly ,  the peak temperature 
tends to show a much greater var ia t ion  with heating ra te .  I t  is 
in teresting to point out that  there are small s h i f ts  in the peaks in
the heating process than the cooling process (see f i g .  3 . 9 ) .
The endothermie process giving r ise to the peak BCD becomes 
complete at some temperature between the points C and D, so the curve 
returns to a new base l ine DE. At point ,  E, a new deviation from the 
base l ine  is observed and the peak EFG becomes complete when a l l  the 
test sample is melted.
The onset of an exothermic process is  indicated by the upwards 
def lect ion of the base l ine  at J ,  giving r ise  to the exothermic peak 
JKM. This peak becomes complete when the reference sample is melted.  
Completion of th is  process and the formation of a new, thermally stable  
phase, is confirmed by the horizontal  portion of the curve, MN.
I
The cooling process s tar ts  on the point N . An endothermie peak
I I I
M K J indicates that the reference materia l  (Ag) is frozen.  An 
exothermic peak during lowering of the temperature indicates freezing
• I I
of the sample, and the exothermic peak D C B ,  shows the t ra n s i t io n  
temperature more accurately than the heating process. The onset
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temperature gave the best measure of t r a n s i t io n ,  or reaction temperature,  
and th is  could be most accurately obtained from the f i r s t  der iva t ive  
of a DTA curve as shown by dashed l ines in f igures 3 . 9 ,  3.10 and 3 .11 .
TABLE 3 .6 .  RESULTS OF THE PEAKS OBSERVED IN DTA






3.6 Crystal  growth by modified Pendolofen vapour transport
For growing crystals  s i l i c a  ampoules are normally used with tapered 
t ips  and th in  s i l i c a  rods attached to the t ip  of the ampoule. A special  
treatment is necessary to decrease the number of act ive  si tes on the 
s i l i c a  w a l l .  The s i l i c a  tubes are vigorously washed with de-ionized  
water,  scrubbed with a clean brush and washed with acetone. They are 
then put in a mixture of HF -  HNÔ  (1:1 )  for  two hours and washed with 
deionised water.  During glass blowing and a f t e r  shaping, a systematic 
flame polishing is  given from the one end of the ampoule to the other .  
The ampoules are then washed with deionized water,  d r ied ,  evacuated to
-5  0
10 t o r r ,  and heated overnight at 1000 C to remove traces of HF and 
HgO.
The flame polishing is of great importance because i t  closes any 
micropores or s t r ia t io n s  on the surface of s i l i c a .  I t s  great importance 
has been shown by Kaldis (36) Fray and Nielsen (37)^ comparison of the 
c r i t i c a l  undercooling of the same substance in t reated and untreated
-  59 -
s i l i c a .  In several cases the c r i t i c a l  undercooling on treated s i l i c a  
is appreciably increased.
Another source of nucléation s i tes  is  the charge material  i t s e l f .  
During charging of the ampoule the walls often come in contact with 
the powder of the s tar t ing  m ater ia l .  These undesirable nucléation  
s i tes  can be avoided by taking the two fol lowing precautions. The 
f i r s t  is to f i l l  the ampoule with a funnel ,  and the second is to 
subject the ampoule to a reverse-transport s i tuat ion  a f te r  sealing 
and before growth.
A chemical transport reaction is brought about by means of a 
temperature gradient in a system consisting of a sol id phase and a 
transporting gaseous phase; the reaction is based on the temperature 
dependence of the equi l ibrium constant of the system. I f  the transport 
reaction is endothermie the transport takes place from the hot to the cold 
zone, the transporting phase being unsaturated in the hot zone and 
supersaturated in the cold zone, with a saturation boundary in between.
I f  the reaction is exothermic the transport goes in the opposite 
d irec t ion .  The method involves sealing the reacted materia l  with small 
amounts (5mg/cc) of iodide in a evacuated fused s i l i c a .  The iodide 




-t- Cult+Galgf + Snl^+ + ZSegf (3 .2 )
AgGaSnSe^ +
" 2
-►<- Aglt+Gaigt + Snl^+ + ESEgf (3 .3 )
AgGaGeSe^ +
« 2
t Aglf+Gal^t + + ZSegf (3 .4 )
The right  side of the equation of the equation is generally in the 
hot zone and the l e f t  side in the cooler zone. In order to obtain bet ter  
nucléation control and growth few bigger single crysta ls  of CuGaSnoSe^,
AgGaSnDSe^, AgGaGeOSe^ and CuGaGeOSe^, we used a modified temperature 
o s c i l la t io n  method in a two zone furnace.
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A schematic of the two-zone furnace is  shown in Fig. 3.12 (b ) .
The l e f t  and r ight  heaters are constructed of Kantal A-1 heating 
elements (ca. 30 oh ms) wound on alumina ceramic tubes. The tubes are 
60 cm long x 40 mm diameter. The windings are secured by alumina cement 
Wound round the furnace tube are several layers of ceramic f ib r e  
insulat ion  b lanket ,  which reduces radia l  heat losses. The a i r  gap 
between the two zones is created by using four support spacers at the 
outside corners of the primary furnace insu la t ion .  The e f fe c t  of the 
a i r  gap can be seen in the s ta t ic  furnace p r o f i l e  of f i g .  3 .1 2 (a ) .  
Radiation loss increases the gradient and substant ia l ly  a f fe c ts  the 
temperature p ro f i le s  of the two zones.
The deposition zone was subjected to a periodic increase of 30°C 
in temperature during growth. This was designed to cause small newly- 
nucleated crysta ls  to re-evaporate leaving only a few seeds to grow 
to matur ity .  The f luc tua t ion  was generated by a microprocessor 
programmed in f iv e  steps. The source zone was separately controlled  
and heated up in two stages.
During stage one, both zones were heated up quite f a s t ,  but the 
deposition zone was kept the ho t ter .  This reverse temperature gradient  
keeps the deposition zone clean. Then, stage two, the heating rate of 
the source is  made very slow so that the deposition zone overtakes i t .  
This is  the primary nucléation period. F ina l ly  the source zone is 
held constant at the chosen temperature of  about 60°C above that of 
the deposit ion zone. Figure 3.13 shows the temperature programmes of 
the two zones in the case of CuGaSnoSe^.
The growth period fol lows for two to three weeks during which 
time the periodic temperature f luctuations of the deposition zone are 
maintained.
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Fig. 3 .12(a)  Temperature p r o f i t e  of the two zone furnace.
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The primary nucléation period allows the conditions for nucléation  
of crystals to be met automat ica lly ,  because the system w i l l  pass through 
the ideal set of conditions while s t i l l  heating up. The temperature 
f luctuations of the growth period are designed to cause any secondary 
nuclei  to die by re-evaporation, before they have a chance to complete 
with the primary nucle i .
The two theoret ica l  factors that made th is  technique possible 
are (a) not a l l  nuclei are formed simultaneously (the ones on the most 
active  wall centres appearing f i r s t )  and Cb) the growth and dissolution  
veloci ty  of each individual  nucleus depends on i t s  s iz e ,  the smaller 
having higher vapour pressure, and therefore evaporating more rap id ly .  
This e f fec t  can be described by the well  known Gibbs-Thomson equation:
P r =  Ps W fF F  ( 3 . 5 )
where a is the surface tension,  M is  the molecular mass, R is the gas
constant,  T is the absolute temperature, p is the density and r is the
p a r t ic le  radius.
Well facetted prismatic and p l a t e - l i k e  crystals  of CuGaoSn Se  ̂
grew in the deposition zone. Their faces were {112} ( i . e .  {111} 
pseudo-cubic) and of several mm in dimension. Figure 3.14 shows a 
typ ical  batch of crystals obtained by th is  method. Figure 3.15 shows 
the crysta l  AgGaSnoSe^ with pyramidal habit  growth. AgGaGeoSe^ grew 
with pyramidol habit  also.
Fig. 3.16 shows typ ica l  well  developed facets of AgGaSnoSe^ 
and f i g .  3.17 shows typ ica l  deposit ion- lamel lae around the emergence 
points of single dis location in one of the crysta l  AgGaSnoSe^. This 
crystal  growth by modified Pendolofen vapour transport proved that i t  
is possible to transport simultaneous three non-vo la t i le  metals in the 
closed tube.
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Fig. 3.14 Single crystals of CuGaSnoSe
Fig. 3.15 Single crystals of AgGaSnose
*
m
3681 1 0 0 . 0U BATHU25KV X100
Fig. 3.16 Photograph showing typical  well-developed facets of 
AgGaSnaSe^.
I
Fig. 3.17 Typical deposit ion- lamel lae around the emergence points 
of a single dis locat ion of AgGaSnnSe^.
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CHAPTER 4
CRYSTAL STRUCTURE ANALYSIS, TEMPERATURE DEPENDENCE OF LATTICE
PARAMETERS AND THERMAL EXPANSION OF CuGaSnaSe^
4.1 Introduction
The object of th is  chapter is to study the chemical composition,
crysta l  s t ructure ,  temperature dependence of l a t t i c e  parameters and
evaluate the coe f f ic ien ts  of thermal expansions a and a ofa c
CuGaSnoSe^. This materia l  was chosen as the archetypal compound 
of the family of the defect quaternary adamantine compounds.
Electron probe microanalysis was used to study the chemical 
composition of the c r y s ta l ,  the result  of the composition within  
experimental error  was consistent with the x-ray measurements of the 
chapter 3.
Single crysta l  d i f f r a c t io n  methods have been used to solve the
crysta l  structure of CuGaSnoSe^; space group I42d (D^^),  a = 5.611%,
c = 10.988%, Cu and Ga at random in (a ) :  0 ,  0 ,  0; Sn and □ at random 
in (b) 0 ,  0 ,  Se in (d) 0.2571,  The analysis of the crysta l
structure was studied in three stages- The f i r s t  stage was the 
experimental measurement of the u n i t - c e l l  dimensions, the space group 
and the in te n s i t ie s  of the d i f f ra c te d  beams from the c ry s ta l .  These 
in te n s i t ies  depend only on the nature of the atoms present and t h e i r  
re la t iv e  positions within the uni t  c e l l .  The second stage was the 
deduction by some method of a suggested atomic arrangement Ca t r i a l  
s t ruc tu re ) .  The in te n s i t ie s  of the d i f f r a c t io n  maxima corresponding 
to th is  arrangement can then be calculated and compared with those 
observed. The th i rd  stage was the refinement of th is  suggested 
arrangement of scatter ing atoms u n t i l  the agreement between calculated  
and observed in te n s i t ies  is  within the l im i ts  of error  of the 
observations.
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Accurate l a t t i c e  parameters of the chalcopyrite semiconductor 
CuGaSnoSe^ have been determined as a function of temperature by the 
x-ray powder d i f f r a c t io n  method in the temperature range 18°C -867°C.The 
data has been used to evaluate the coe f f ic ien ts  of thermal expansion 
and at various temperatures by a graphical method. An attempt 
is made to explain the temperature dependence of the anisotropic  
thermal expansion and the tetragonal d is tor t ion  of th is  compound, 
in terms of the thermal expansion of the bonds. A good correlat ion  
between DTA results (chapter 3) structure and the anisotropy of the 
thermal expansion behaviour of CuGaSnnSe^ was obtained.
4 .2  Electron probe microanalysis (EPMA)
The EPMA results for  the composition analysis of CuGaSnoSe^ 
single crystal  are l is ted  in table  4 . 1 ,  which show the composition 
is CuGaSnnSe^ within experimental e r ro r .  The result  is consistent  
with the single-phase products from stoichiometric s tar t ing  compos­
i t io n  as proved by x-ray measurements.
TABLE 4.1
EPMA results for  stoichiometric CuGaSnOSe, in at % -------------------------------------  ■ — ' ■■ 4---------------







4.3 Single crys ta l  methods for  crysta l  analysis of CuGaSnnSe^
Powder methods, reduce the three-dimensional var ia t ion  of 
in tensi ty  of d i f f r a c t io n  in reciprocal space to a one-dimensional 
var ia t ion  with Bragg angle,  and i f  the structure is at a l l  complex 
th is  leads to great overlapping of the re f le c t io n s ,  and non-observance 
of the weak ones.
In the s implest-crysta l  devices ( ro ta t ion  cameras and 
o s c i l la t io n  cameras) only the crysta l  is moved, and the three-  
dimensional var ia t ion  of in tensi ty  in reciprocal space is 
represented two-dimensionally on the f i lm .  This gives a bet ter  
resolution of the re f lec t ions  than does the one-dimensional 
representation achieved by powder methods. In the Weissenberg and 
precision cameras both the crysta l  and the f i lm  (or detector) are 
moved. These achieve a three-dimensional representation of the 
three-dimensional var ia t ion  of in tensi ty  of re f lec t io n  in reciprocal  
space, and can thus be interpreted unambiguously.
In order to explain the basis of s ing le -c rys ta l  methods, the 
concept of reciprocal l a t t i c e  must be used. The reciprocal l a t t i c e  
is a representation of the crysta l  in which a family of p a ra l le l  
planes with indices,  h k I ,  and inte rp lanar  spacing, d ,  is represented 
by a single point located at the end of a vector whose magnitude is 
a reciprocal function of the interp lanar spacing i . e .  r *  = 1/d and 
whose d irect ion is determined by the normal to the planes from the 
unit c e l l  or ig in  (40 ) .
Ewald showed that  a simple geometrical construction in reciprocal  
space gives the condition for  reinforcement of the scattered waves in 
a way that expresses the condit ion for  d i f f r a c t io n  in terms of a 
sphere in reciprocal space, the re f lec t io n  sphere, or Ewald's sphere. 
The sphere is drawn with a radius p a r a l le l  to the incident beam, of
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length X ,  where X is the wavelength employed, and with the radius 
terminated at the or ig in  0 0 0 in the reciprocal l a t t i c e .  The 
sphere is indicated in Fig 4 . 1 ,  which represents a set of crysta l  
planes at 0 having i t s  reciprocal l a t t i c e  point for  f i r s t -o r d e r  
re f lec t ion  at P, and an incident beam along QO. As reference to the 
f igure w i l l  show:
sin 0 = r *  X/2 = X/2d (4 .1 )
which is Bragg's law. The ref lected ray l ies  in the plane 
containing Q, 0 ,  P and leaves the crysta l  at  an angle of 20 from 
the incident beam (41 ) .  A review of these single crysta l  methods 
is given by R. Rudman (40 ) .
4.4 Rotat ion-crystal  photograph
I f  the crysta l  is rotated about any ax is ,  the reciprocal l a t t i c e  
accompanies i t ,  and those reciprocal la t t i c e s  within range pass 
through the re f lec t ing  sphere. Each time a reciprocal point cuts the 
sphere, a d i f f ra c te d  beam is developed in the rad ia l  d i rec t ion .
The sum to ta l  of a l l  d irect ions of re f lec t io n  from a crysta l  with 
known reciprocal l a t t i c e ,  rotated about a given a x is ,  can thus be 
visualized and calculated. The d i f f ra c te d  beams l i e  on the surfaces 
of co-axia l  cones. I f  the crysta l  is surrounded by a cy l indr ic a l  
f i l m ,  the re f lec t ions w i l l  be recorded on c i rc le s  which appear as 
stra ight  l ines when the f i lm  is la id  out f l a t  ( f i g .  4 . 2 ) .  S l ight  
misorientation causes the spots to s p l i t  up, the e f fec t  becoming 
more pronounced with increasing d i f f r a c t io n  angle.  This is a 
consequence of the fact  that  d i f fe re n t  quadrants of a rec iprocal -  
l a t t i c e  layer in tersect  the sphere of re f lec t io n  at s l ig h t ly  
d i f fe re n t  heights i f  the layer is  not t ru ly  hor izonta l .
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Fig. 4.1 Reflection sphere (Ewald's sphere) in a reciprocal  
l a t t i c e .
\ • IT H I R D  LAYER
SECOND LAYER  
p j  F I RST L AY ER  
Q  ZERO LAYER
Fig. 4.2 Rotation photograph of CuGaSnOSe .̂
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Once the crysta l  is a l igned,  the repeat distance of the c rys ta l lo g -
raphic d irect ion along which the crysta l  is al igned can be calculated
from the spacings between the rows of re f lec t io n -  These rows of
spots are known as layer l in e s ,  with the l ine  through which the
direct  beam passes designated as the zero- layer  l i n e ,  f i g -  4-2-
Suppose the crysta l  is rotated about the a -crysta l lographic-ax is -
The distance between the r e c ip r o c a l - la t t ic e  planes is  1 / a ,  and the
-1radius of the sphere of re f lec t ion  is X ,  the la t i tude  of a layer  
l ine  is (42)
<p = arc sin (nX/a) (4-2 )
and hence the separation of th is  l ine  from the equatoria l  l ine  is 
given by _
z = r tan (j) = r f— ------ 1) (4 -3 )
where r is the camera radius (28-65mm), n is the number of the le v e l .  
The separation of layer l ines on a rotation photograph, provides
a ready means of determining the lengths of the crysta l  axes a ,  b ,
c- Greater accuracy is obtained by measuring the distance between the 
layer l ines corresponding to +n and - n ,  rather than the separation  
between the equator and one of these l ines-
The Bernal chart was used to measure the f i lm -  The results  for
CuGaSnoSe^ of the rotation photograph are:
F i rs t  level (n=1) sin (j)̂  = 0-275,  thus give us a = 5-608 °A
Second level Cn=2)sin (|) = 0 -55 ,  thus give us a = 5-608 °A
2
Third level (n=3) sin <f) = 0-825,  thus give us a = 5-608 °A 
This value is  in very good agreement with that obtained in the powder
photograph a = b = 5-611 °A- )See table  3 - D -
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4.5 Weissenberg photographs
The o sc i l la t io n  method is p a r t ic u la r ly  suitab le  for  determination 
of ce l l  s ize.  But th is  method has a l im i ta t ion  that loss of 
information caused by the projection of planes of re c ip r o c a l - la t t ic e  
(points onto l in e s ) .  In a Weissenberg method only a par t icu la r  
set of re f le c t io n s ,  such as 0 k I ,  or 1 k I ,  e t c . ,  are allowed to 
f a l l  on the f i l m ,  and these are spread out over the f i lm  in such 
a way that to each point on the photograph there corresponds a 
single value of k and a single value of I .
The instrument consists of a mechanism for t rans la t ing  the 
f i lm  cassette which is coupled to the o s c i l la t io n  mechanism such 
that a given section of the f i lm  is in the same posit ion each time 
a given re f lec t ion  occurs. A layer l ine screen ( i . e .  a slotted  
cyl inder which f i t s  over the goniometer head and c r y s ta l ,  but inside  
the f i lm  cassette) is adjusted so that the re f lec t ions from only 
one plane of r e c ip r o c a l - la t t ic e  points (corresponding to a single  
layer Line on the rotation photograph) can pass through the s lo t .
In th is  manner a distorted r e c ip r o c a l - la t t ic e  plane is recorded on 
the f i lm .
The in tensi ty  of any re f lec t ion  obtained from a given crysta l  
is usually not evenly d istr ibuted over the en t i re  spot as i t  
appears on the f i lm .  However, in order to obtain re l ia b le  in tens i ty  
data one must determine the in tensi ty  of the complete spot 
( integrated in te n s i ty ) ,  not just that of the darkest portion of the 
spot (peak he ight ) .  This integrated in tensi ty  is achieved with an 
in tegrating Weissenberg goniometer. The f i lm  cassette is t ranslated  
in a d irect ion normal to the beam. When i t  reaches the end of i t s  
t rans la t ion  i t  t r ips  a Lever which causes the f i lm  cassette to 
change i t s  posit ion on the support. The mechanism is arranged so
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Figure 4.3 Zero- level Weissenberg photograph of CuGaSnoSe,
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Figure 4.4 F irst-Level  Weissenberg photograph of CuGaSnoSe^
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Fig.  4 .5  Indexed pattern of the Weissenberg photograph of CuGaSnoSe, 
( z e r o - l e v e l ) .  4
Fig. 4 .6  Indexed pattern of the Weissenberg photograph of CuGaSnoSe, 
( F i r s t - l e v e l )  ^
— 6  “
that a l l  the portions of a re f lec t ion  are superimposed on one small 
section of the f i lm .  This section contains the integrated in tens i ty  
and by measuring the opt ica l  density of th is  spot one determines 
the integrated intensi ty  of the re f le c t io n .  Figure 4.3  shows the 
zero- level  photograph and f igure  4.4 the f i r s t - l e v e l  photograph of a 
CuGaSnoSe^ crystal  rotated about i ts  'a* ax is .  Both photographs 
were prepared using Cu radiat ion (X = 1.5418 8 ) .  Figure 4.5 and
4.6 show the indexed patterns of the zero and f i r s t - l e v e l  Weissenberg 
photographs.
Measuring the distance between the spots for the b and c axes 
and given that the c y l indr ic a l  camera is of diameter 57.3mm, the 
l a t t i c e  parameters are calculated to be b = 5.607% and c = 10.989% 
which are in very good agreement with the values obtained with the 
powder method (b = 5.611% and c = 10.988%, see table 3 . 2 ) .  These 
Weissenberg photographs give a d istorted map of a reciprocal l a t t i c e  
layer which can be translated back to the actual reciprocal l a t t i c e  
layer .  This operation presents l i t t l e  d i f f i c u l t y ,  but when the unit  
ce l l  has one long ax is ,  th is  process can lead to e rrors .  I f  a 
number of adjacent spots are too weak to be seen in an otherwise 
highly populated row corresponding to a l ine of reciprocal l a t t i c e  
points,  then i t  is possible to mix index the highei—order re f lec t io n s .  
This can be caused by very s l ight  mispositioning of the Weissenberg 
chart on the photograph. In order to detect any possible error  in 
the indexing of the Weissenberg photographs, the precision camera 
was used.
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4.6  Precession photographs
The precession method provided a simple and d irect  way of 
establishing the space group and uni t  c e l l  of the c rys ta l .
The precession camera is an instrument designed to 
photograph the reciprocal l a t t i c e  of a single crysta l  d i re c t ly  
and without d is to r t io n .  The pr inc ip le  of operation was developed 
by M.J.Buerger, who b u i l t  the f i r s t  instrument,  i t  is described in 
his monograph (43) and in more d e ta i l  in his book (44 ) .  I t  
combines two o s c i l la t io n  motions, one about a v e r t ic a l  axis and 
the other about a hor izontal  ax is .  When a zero level reciprocal  
l a t t i c e  plane is photographed, th is  plane is f i r s t  oriented so 
that i t  is  perpendicular to the x-ray beam when the crysta l  is in 
an u n t i l ted  posit ion .  To cause d i f f ra c t io n s  in th is  net plane,  
the crysta l  is o sc i l la ted  as in the o s c i l la t io n  method so that i t  
w i l l  penetrate the sphere of re f lec t io n  an equal amount on both 
sides of the o r ig in ,  a second o s c i l la t io n  is added at r ight  angles 
to the f i r s t  of equal magnitude and 90° out of plane. Two 
o sc i l la t ions  so combined result  in the fact  that the plane being 
photographed, always maintains a constant angle ( p ) ,  with the x-ray  
beam, (see f i g .  4 . 7 ) .  Thi^ normal thus trave ls  in a c i rcu la r  
manner about the x-ray beam, sweeping out a cone, a motion described 
as precession.
The l a t t i c e  plane by th is  arrangement always has a constant 
t i l t  with respect to the x-ray beam, and therefore always intersects  
the sphere of re f lec t ion  in a c i r c le  of constant diameter.  
Dif f rac t ion  beams from points in th is  plane thus fol low elements of 
a right  c i rcu la r  cone whose apex is in the c ry s ta l .  Other upper
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Plane of  the
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Level planes w i l l  produce cones of larger angle,  coaxial  with th is  
zero level cone. A screen containing an annular opening is placed 
behind the crysta l  in such a way that only one of these cones w i l l  
pass through and reach the f i l m .  Depending upon p and the level  
being photographed the screen-to-crysta l  distance w i l l  be varied and 
annuli of d i f fe re n t  radius w i l l  be used.
A f l a t  photographic f i lm  placed behind the layer screen is  
t i l t e d  so that i t  is exactly p a r a l le l  to the reciprocal plane being 
photographed, and then caused to pass through exactly the same 
motions as the c rys ta l .  The centre of th is  motion l ie s  on the 
x-ray beam a x is ,  a cer tain f ixed distance behind the c rys ta l .  The 
cone of d i f f r a c t io n  then forms continuously a c i rcu lar  trace on the 
f i lm  exactly s imi lar  to the c i r c le  in the reciprocal plane cut by 
the re f lec t ion  sphere. In photographing various planes, a th ree -  
dimensional reciprocal l a t t i c e  may be imagined constructed in space 
according to the or ientat ion  of the c r y s ta l ,  but with the centre of 
precession of the f i lm  as o r i g in ,  and with a scale proportional  
to the f i Im - t o - c r y s t a l  distance M.
Figure 4 .8  shows the zero- leve l  of CuGaSnoSe^ c r y s ta l ,  
photographed with f i l t e r e d  Mo radiat ion with precession angle 
y = 30 ° ,  screen distance 26mm and the c r y s ta l - to - f i Im  distance 60mm 
and screen radius 15mm, Figure 4.9 shows the f i r s t - l e v e l ,  recorded 
with y = 30° ,  screen distance 27.4mm, screen radius 25mm, f i g .  4.10  
the second-level ,  recorded with y = 3 0 ° ,  screen distance 19.4 and 
screen radius 25mm and the f igure  4.11 shows the superposition of the 
zero, f i r s t  and second-levels of the spots in the precession 
photographs. The symmetry of the plane (b*c*)  of the reciprocal  
l a t t i c e  is  shown very c lear ly  in th is  f igu re .
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Fig. 4.8 Figure (a) shows a zero- level precession photograph of
CuGaSnoSe  ̂ and f igure (b) a p a r t i a l l y  indexed pattern of 
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Fig. 4 .9  Figure (a) shows a f i r s t - l e v e l  precession photograph
of CuGaSnoSe, and f igure (b) a p a r t i a l l y  indexed pattern 
of th is  photograph. (Two-thirds natural s iz e ) .
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Fig. 4.10 Figure (a) shows a second-level photograph of CuGaSnoSe, 
and f igure (b) an indexed pattern of th is photograph 
(two thirds natural s ize ) .
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Fig- 4.11 Superposition of the three Levels ( z e r o - f i r s t  and 
second) of the precession photographs- Natural  
size-
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Al l  the t rans la t iona l  and angular dimensions of the reciprocal  
l a t t i c e  can be made d i r e c t ly  on the precession f i lm s .  These 
measurements are converted to reciprocal l a t t i c e  units from the 
fundamental rec iproc i ty  re la t ions .
b * = i ^  (4 .4 )
c* = Ml (4 .5 )
where x is the horizontal  distance, y is the v e r t ic a l  distance 
measured on the f i l m ,  M is the f i lm - t o - c r y s t a l  distance (60mm) and 
X is the wavelength of the radiation (0.7107 8 ) .  The l a t t i c e
parameters are calculated to be b = 5.6108 8  (x = 7.60mm) and 
c = 11.004 8  (y = 3.875mm). These values are in very good agreement 
with the measurement obtained by the other methods within  
experimental e r ror .  The best accuracy that can be expected, l im ited  
mainly by f i lm  shrinkage, is about 3 parts in 1000. Cross comparison 
between the Weissenberg and precession photographs gave the same 
results of indexed and in tens i ty  of the distorted and undistorted  
reciprocal l a t t i c e  obtained by these two methods.
4.7  Structure analysis of CuGaSnPSe^
X-rays are scattered solely by electrons. This means that
the data derived from x-ray d i f f r a c t io n  patterns (Weissenberg and
precession photographs) can only re la te  to these electron density
d is tr ibut ions in the c ry s ta l .  Crystal  structure analysis consists
in f inding a structure whose d i f f r a c t io n  spectra and calculated
intensi ty  match the observed set and observed in te n s i ty .  The
angular posit ions at which scattered x-rays are observed depends only
on the dimensions of the crysta l  l a t t i c e ,  while the in te n s i t ies  of
the d i f fe re n t  d i f f ra c te d  beams depend on the nature and arrangement of
the atoms within each ce l l  and possible corrections (geometric fac to rs .
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thermal v ib ra t ion ,  absorption) (45) .
The Weissenberg and precession photographs could be indexed 
with a tetragonal unit  c e l l .  Reflections only for  h k I with 
h+k+l = 2n and for  h h I with 2h+l = 4n, consistent with the 
chalcopyrite structure space group assignment of I42d (Dgy) ( th is  
result  is in agreement with powder x-ray analysis section ( 3 .3 ) .
The l a t t i c e  constants of th is  tetragonal crysta l  determined 
by x-ray powder, ro ta t io n ,  Weissenberg and precession methods as 
a = 5.611(8) and c = 10 .984(8 ).  The volume of the unit  ce l l  is 
345.690(8^).  The density of the material  is 5.42 gm-cm  ̂ the 
formula-units per unit  c e l l  can be calculated to be 2.  The d i f fe re n t  
ways of ordering the Cu, Ga and Sn atoms with the vacancy in the 
defect chalcopyrite structure was investigated.  In tens i ty  
measurements were made on 43 d i f fe re n t  d i f f r a c t io n  spots, h k I ,  and 
compared with calculat ions of the x-ray 76 computer programme (46) 
for  the three possible defect chalcopyrite structures. The integrated  
in tens i t ies  were corrected for Lorentz,  and absorption factors .
The procedure used to ref ine the structure model for  CuGaSnoSe^,
in which the A stom (Cu and Ga at random) is placed at 0 0 0 ,  the
1  1 1B atom (Sn and □ at random) at 0 0 ,  and Se atom at x ^  g-, with x
given by the regular tetrahedral  B atom condit ion (48) .
"calc = Y  " ( 1 / 4 / 2 ) (c^/a? -  2 )% (4 .6 )
was used, resul t ing in an i n i t i a l  value of x = 0.2606. the function 
minimized was
= Su( | F„bs l  -  i F c a l c ' ) '  ( 4 . 7 )
where Z is over a l l  the non-equivalent observed re f lec t ions l is ted  
with each t e s t ,  and w is the weight. The weighting fac tor  of a l l
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the re f lect ions was given unity .  The anisotropic temperature 
coeff ic ien ts  are given in table  4.2 and the resul t ing value of 
X is given in table  4.3
TABLE 4.2
Anisotropic temperature coef f ic ien ts  in CuGaSnoSe^ 
at room temperature
Atom e









•^(Cu+Ga) 0.02381 0.02381 0.00620 0 0 0
~(Sn+o) 0.02381 0.02381 0.00620 0 0 0
Se 0.01984 0.01984 0.00517 0 0 0
TABLE 4.3
Atomic posit ion coordinates of CuGaSnoSe. (ABX-.) at  
— —     ^    2 ----------
room temperature
Atom X y z
A=Cu and Ga at random in (a) 0 0 0
B=Sn and □ at random in (b) 0 0 1
2





In table 4 .4  are compared the observed F values with the | F| values 
calculated for  the f in a l  structure proposal. The discrepancy index 
is defined as
R = (4 .8 )
fobs'
Using the values of table  4 .4  the R value was found to be 0.04 a f te r  
7 cycles. I t  is important to point out that th is  value should be 
decreased i f  the mult ip le f i lm  technique is used and ca l ibrated by 
comparison with ca l ibrated  f i lm  s t r ip .
4.8 High temperature l a t t i c e  parameters and thermal expansion of
CuGaSnoSe, :------  4
As mentioned in section 3 . 4 ,  DTA measurements have shown a peak 
at 590°C which has been associated with decomposition of the quaternary 
into two phases. A high temperature x-ray camera was employed to 
determine the change of the structure a t  th is  temperature.
The camera was a 19cm Unicam 5150 high temperature powder 
camera with Van Arkel f i lm  mounting. With th is  arrangement the f i lm  
is in two sections, one on each side of the x-ray beam, the 0  values 
of the images of pins located in f ront  of the f i lms were cal ibrated  
f i r s t  of a l l  by four measurments of a-Al 0 at room temperature.
2 3
Powdered CuGaSnOSe was then sealed in a s i l i c a  tube of 0.3mm in 
4
diameter which was mounted in the centre of the camera. Heating was 
by radiation from heated elements surrounding the ca v i ty ,  and a 
thermocouple placed near the sample recorded the temperature.
Exposures were made at 100°C intervals  up to 863°C, that i s ,  73°C 
below the melting point .  At the temperature of 590°C extra l ines  
appeared at 0 values of 15 .3133° ,  18.8235°,  21.0230°,  24.5633° ,  
26.3712°,  and 34.7926°.  These new extral ines (second phase) are
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TABLE 4.4
COMPARISON OF OBSERVED AND CALCULATED RELATIVE 
WEISSENBERG X-RAY INTENSITIES FOR CuGaSnoSe,
h k I Observed
In tens i ty
Calculated
In tens i ty
h k I Observed
Intensity
Calculated
In tens i ty
0  0  8 245.1 276.6 1  1  1 0 137.4 156.8
0  1  1 1 0 . 2 7.6 1  2  1 2 2 . 8 18.6
0 1 3 20.9 17.2 1 2 3 17.2 11.3
0 1 5 17.7 15.7 1 2 5 10.3 8.9
0 1 7 > 8 .7 6.3 1 2  7 19.7 13.6
0 1 9 >1 1 . 1 4.3 1 2 9 15.6 1 1 . 2
0  1  1 1 1 0 . 2 8 . 0 1 2 13 3.1 3.2
0 1 13 12.3 7.6 1 3 2 201.7 236.7
0 2 4 423.1 350.7 1 3 6 262.8 194.6
0  2  1 2 245.8 184.7 1 3 10 153.6 140.7
0 3 1 16.8 22.5 1 4 3 14.4 17.7
0 3 7 27.7 25.3 1 4 5 18.9 15.0
0 4 0 287.1 304.2 1 4 7 15.0 13.0
0 5 3 25.3 18.9 1 4 9 7.9 8 . 0
0 5 5 27.8 19.8 1 4 11 9.3 1 1 . 1
0 6  4 300.8 209.8 1 5 2 135.9 179.9
1 0 3 17.5 17.2 1 5 6 157.2 154.0
1 0 5 16.4 15.8 1  6  1 13.5 16.4
1  0  1 1 7.5 8 . 0 1 6  3 9.2 16.0
1 0 13 8 . 8 7.1 1 6  5 7.6 12.5
1  1  2 245.6 294.1 1 7 2 118.5 113.8
1  1  6 207.5 225.7
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probably from SnSe^.
The l a t t i c e  parameters were calculated as described in 
section 3.3  and the resul ts are shown as a function of temperature 
in f igure  4 .12 .  Agreement with room temperature resul ts of section 
3 . 3 ,  were within ± 0.002 8  for the values of the l a t t i c e  parameters. 
The 'a '  and *c* parameter increases l ine a r ly  with temperature 
within experimental e r ro r .  In f igure  4 .1 3 ,  ax ia l  r a t io  c/a and u n i t ­
c e l l  volume (V ) ,  derived from the l a t t i c e  parameters versus 
temperature data are p lot ted against temperature.
In table  4 . 5 ,  the thermal expansion coe f f ic ien ts  are given,  
these values were obtained by the best s tra ight  l i n e f i t s  to the 
data. These are thus average coef f ic ien ts  for  the temperature 
ranges covered and are normalised by divid ing by the room 
temperature values.
TABLE 4.5
Average thermal expansion coe f f ic ien ts
Material
I J f  = “a 
0
c J f  = “ c 
0
1  d (c /a ) 1 dV




CuGaSnoSe^ 1 .74x10"^ 8 . 7 9 x 1 0 * ( ° c " S 8.58x10“‘̂ (°c“ ^) 4.33x10“ ^(°c ’')
CuGaSe^ 1.31x10"®(°c")) 5 .2x10"*( °c“) )
1Thermal expansion coe f f ic ien ts  are defined by, where is
the room temperature value.
Since the var ia t ion  of *a* and 'c* parameter with temperature is
l in e a r ,  the coef f ic ien t  of thermal expansion, a and a ,  remainsa c
constant throughout the range of temperature studied. The values for  
CuGaSe  ̂ ( 4 7 ) ,  the ternary analogue of CuGaSnoSe^, are l is ted  for
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Figure 4 .12. Temperature dependence of the Latt ice
parameters of CuGaSnoSe,.
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Fig. 4.13 Variation of calculated x parameters, u n i t -c e l l  
volume (V) ,  and axia l  rat -c (c/a) of CuGaSnoSe  ̂
w-th "empersture.
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comparison and are seen to be s ig n i f ic a n t ly  smaller.
The X parameter was calculated from 'a '  and ' c ' values,  
equation 4 .6 .  The var ia t ion  of the calculated x parameter with 
temperature is shown in f igure  4 .13.  In section 4.7  the x 
parameter was given from the crysta l  st ructure analysis as 0.2571 at 
room temperature, which is to be compared to the calculated room 
temperature value of 0.2606.
The anisotropy in the thermal expansion of CuGaSnoSe^ is
marked by having a larger coe f f ic ien t  of expansion along a-axis
(Og) than that along c-axis (a^ ) .  In order to explain this
anisotropy of the thermal expansion coe f f ic ien ts  of th is  compound,
we have attempted to estimate the bond distances and bond
expansion coeff ic ients  for  A-Se (where A is Cu and Ga randomly
distr ibuted)  bonds and B-Se (where B is Sn and □ randomly
d is tr ibuted)  bonds by applying the Abrahams and Bernstein re lat ions
(48) to our resu l ts ,  as described by M i l l e r  et a l  (49) on
I l - IV -V g  group of compounds. The bond lengths from geometry are:
1
A -  Se = ( 4 . 9 )
1
= p c i - x ) ^  4 a ^ j  (4.10)B -  S = e
The bond lengths given by th is  approximation are shown in f igure  4.14
plotted as functions of temperature. The coe f f ic ien ts  of thermal
"5 oexpansion of the A-Se bond was calculated to be 2.08 x 10 C and
" 6  o *  1that of the B-Se bond 8.74 x 10 C . I t  is in terest ing to compare 
th is  last value of coe f f ic ien t  of thermal expansion with
°^B-Se ” X 10  ̂ °C  ̂ in the ternary analogue CuGaSeg (47) th is  
value is nearly half  of of CuGaSnoSe^. This e f fec t  may be
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Figure 4.14. Calculated thermal expansions of the B-C and 
A-C bonds. (C is Se atom).
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due to the weak bonding between B and Se in the quaternary compound, 
because the s i te  B in th is  defect structure is populated randomly
with equal numbers of atom of t in  and vacancy: ( B = &  (Sn+a)i.
Covalent bonds are strong short range forces which character is­
t i c a l l y  have low coef f ic ien ts  of thermal expansion, whereas ionic  
bonds have much longer range. For example, the mean coe f f ic ien t  
of thermal expansion of Si between 0 and 600°C is 2 .0  x 10  ̂ °C ̂
(50) while that of NaCl is about 50 x 10  ̂ °C  ̂ (51) .
The tetragonal d is tor t ion  in the chalcopyrite structure is 
defined as
A = 2 -  c/a (4.11)
From the equation 4.11 i t  follows that the change of A with 
temperature T should fol low the re la t ion
From equation (4.12) i t  fol lows that the temperature coe f f ic ien t
dA/dl of the tetragonal d is tor t ion  A can be calculated from the
l inear expansion coe f f ic ien ts  a and a asa c
^  = -  (a - a  ) (4 .13)d l  a a c
Replacing the experimental values of a ,  a and c/a in equationa c
4 .13 ,  a value of dA/dl = 1.69 x 10  ̂ °C  ̂ is expected for CuGaSnoSe^.
These results confirm the close corre lat ion  between st ructure DTA 
and the anisotropy of the thermal expansion behaviour of CuGaSnnSe^.
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CHAPTER 5
OPTICAL PROPERTIES OF I - I I I - I V - o - V I ,  SEMICONDUCTORS--------------------------------- ------------------------------ 4 -------------------------
5.1 Introduction
One of the most powerful tools for studying the properties of 
solids is the measurement and analysis of their opt ica l  propert ies.
In the f i r s t  part of th is  chapter some of the results required for  
such an analysis are presented, with emphasis on the deta i led  
development of the structure of the opt ica l  constants at c r i t i c a l  
points ,  (or Van Hove s in g u la r i t i e s ) .
The fundamental absorption edge of semiconductors corresponds to 
the threshold for  electron t rans i t ions  between the highest nearly 
f i l l e d  valence band and the lowest nearly empty conduction band.
The study of the fundamental absorption provides information about 
electron states near the band extrema. By studying the spectral  
dependence of the absorption coe f f ic ien t  one can dist inguish between 
direct  and ind irect  t ra n s i t io n s ,  and can calculate  the energy gap.
The experimental technique which was used for the opt ica l  experiments 
w i l l  be described. In table 5.3 the experimental values for  the 
energy gaps are given for the quaternary compounds. In table  5 .4  w i l l  be 
given the values for four quaternary normal adamantine compounds; 
these values are taken from the paper by D.M.Schleich and A.Wold (64 ) .
I t  is in te res t ing  to point out that these are the only values of energy 
gaps known up t i l l  now of th is  large family of quaternary adamantine 
compounds.
The re f lec t io n  coe f f ic ien t  provides much information about the 
posit ion and nature of the energy bands in CuGaSnDSe^. The 
in te rp re ta t io n  of the data is aided by the existence of d e f in i te  
family re lationships between materials having s imilar  crysta l
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structure & outer e lectronic configurations. We have observed in
the st ructure of the r e f l e c t i v i t y  spectrum three t rans i t ions  Eg
and Ê  that characterise the chalcopyrite materials because of the
crystal  f i e l d  and sp in -orb i t  s p l i t t in g  of the valence bands of
zincblende. The E^, Eg and Ê  versus T curves consist of a near-
l inear  sloping part above 190 K, a bending part at th e i r  intermediate
temperature region and a near leve l in g -o f f  part at lower temperatures.
There are two kinds of contribution to th is  e f fe c t :  one is due to the
ef fect  of volume thermal expansion of the c r y s ta l ,  and the other arises
from the electron-phonon interact ion  in the c ry s ta l .  Also the
var ia t ion  of the A . and A are given in table  5.6 and f igure  5 .13 .cf so
5.2 Properties of the opt ica l  constants (d irec t  t ra n s i t io n s )
Optical  techniques have provided much information about the
posit ion of energy bands and the symmetry of th e i r  associated wave
functions in a large number of mater ia ls.
The opt ica l  properties of a sol id  may be conveniently discussed
in terms of complex d ie le c t r i c  constant eCoj) = e + i e , .  Ther 1
interband contr ibut ion to E ( w )  is produced by d irect  t rans i t ions  i f  
imperfections (phonons, defects,  etc) are neglected. e^(w) the 
imaginary part of the d ie le c t r i c  constant may be expressed in terms 
of energy band parameters (52) :
4^2p2 _  f  2 ^
E.(w) = 2- f  /   :  I e. 6 (E^ -  E^.-kcD) (5 .1 )
V , C  • ' , 7
m V  J ( 2 w): ■ -   ̂ v
BZ
where w is the frequency of the incident opt ica l  rad ia t ion ,  e and m are 
the e lectronic  charge and mass. The matrix element is the usual one 
for e le c t r ic  dipole t rans i t ions:
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^ V  ^ -  f  ( - i  ( j i , f  (5 .2 )
V
V is the volume of the c rys ta l .  The sum in equation (5 .1 )  is over 
a l l  occupied valence bands with energy E^(k) and wave function 
and a l l  unoccupied conduction bands with energies E^(k) and wave 
function The real and imaginary parts of the d ie le c t r ic  constant
are related by the Kramers-Kronig re la t ion :  (53)
“  I
E (w) = 1 + -  P j fw 'e . (w ' )  (5 .3 )fr -ÏÏ J  2 w'= w=
o
where P is the Cauchy pr incipal  value of the in te g ra l .  The equation 
(5 .1 )  can be transformed into a surface in tegra l  by using the 
6 - funct ion  re la t ion
_  - 1
(5 .4 )
-1
lg (x ) 6 Ef(x)]dx = ^ ^ ( x ^ )/■ V- “
a o x=xo
dx
in which x^ represents a zero of the function f ( x )  contained in the 
in te rva l  ( a ,b ) .  In three dimensions
2
f  ds (5 .5 )
m w V c . /  (2n) 3 |v . (E  -E ) |
'  S K c V
where ds represents an element of surface in k̂ space on the surface 
defined by the equation
E (k) -  E (k) = E (5 .6 )c V
The matrix elements jê - j )^^(k) |  ̂ between a given couple of valence
and conduction bands are shown to be smooth functions of except
near special k̂ vectors where (j<) I vanishes because of symmetry.
Neglecting such a s i tuat ion and taking |e^M^^(k)| as a constant, we
f ind  from equation (5 .5 )  that the contribut ion to the d ie le c t r i c
-2
function from a pair  of bands is proportional to w and the quantity
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/Jvc(w) = — ^  I  -------------- —------------- ; (5.7a)(2tt)5 J  |? , [E  (k ) -E  ( k ) ] |  g ' k c -  V -  '
= / ■
2 dk
or = J ----------  6 [E (k ) -E  (k)-hw] (5.7b)
BZ
'  (2w)3
which is cal led the jo in t  density of states because i t  gives the 
density of pairs of s ta tes ,  one occupied and other empty, separated 
by an energy hw. This quantity mainly determines the interband 
contribut ion to and thus to the opt ica l  constants of sol ids.
From equation (5 .7 )  we see that  s in g u la r i t ies  in the jo in t  density of
states are expected when
= V^E^(k) = 0 ,  (5 .8 )
or more generally when
V. E (k) -  V^E (k) = 0 . (5 .9 )k c — k V —
C r i t i c a l  points of type (5 .8 )  occur in general at high symmetry 
points of the B r i l lo u in  zone, while c r i t i c a l  points of the type (5 .9 )  
may occur at any vector.  The properties of c r i t i c a l  points and 
t h e i r  consequences for the phonon dispersion curves in crystals were 
f i r s t  discussed by Van Hove (54) and P h i l l ip s  (55) making use of 
topological considerations. Similar results hold for  the electronic  
states in a periodic crysta l  where the energy di fference function is 
a periodic function in the reciprocal l a t t i c e  and must therefore  
possess such Van Hove s in g u la r i t ie s .
The analyt ic  behaviour of J (w) near a c r i t i c a l  point may be
VC
found by expanding E (̂k_) -  E^(U in a Taylor series about a s ingu lar i ty  
of energy dif ference E ^ ( j^ ) . In the expansion l inear  term is
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id e n t ic a l ly  zero at a c r i t i c a l  point because of CE^( Ik) - E ^ ]  = 0
anin parabolic approximation we reta in only the quadratic term
J L , / d : ( E  E ) \
E (k ) -E  (k) = E (k ) +V{------- Ï - )  (k._k , )2  (5.10)
C -  V -  9 - g  dk! / k = k ’
 ̂ 0
I t  can be wr i t ten  in the form
3
E (k) -E  (k) = E (k ) + Y ' a . ( k . - k  .)^ (5 .11)c -  V -  g -g  1  1  0 1
1  — 1
The coe f f ic ien ts  a. in (5 .11)  represent the re la t iv e  interband 
curvatures; in the e f fe c t iv e  mass notation
a. = h^C( 1 /m?) -  ( 1 /mY)] (5.12)
1  1 1
Denoting the wave vectors along the pr inc ipa l  axes with the or ig in  at
the c r i t i c a l  point by k ,  k ,  k .
X y z
E (k ) -E  (k) = E + a k^+ a k^+ a k  ̂ (5 .13)c — V -  g 1  X 2  y 3  z
We obtain four types of s i n g u la r i t i e s ,  depending on the signs of
a ,  a and a . The c r i t i c a l  points are cal led:
1 2  3
M when a l l  a. (coe f f ic ien ts )  are posit ive (minimum);
0  1
M when two of a. (c o e f f ic ien ts )  are posit ive  and one negative 
 ̂  ̂ (saddle po in t ) ;
M2  when two of a. (coe f f ic ien ts )  are negative and one posit ive  
 ̂ (saddle po in t ) ;
M3  when a l l  a  ̂ (coe f f ic ien ts )  are negative (maximum).
The a n a ly t ica l  behaviour of the jo in t  density of states near c r i t i c a l  
points can be obtained using (5.7b) and (5 .1 3 ) .  The results are 
reported in tab le  5.1 and Fig. 5.1 for  the three-dimensional case.
A l im i t ing  two-dimensional case occurs when one of the coeff ic ien ts  
a_j becomes vanishingly small.  The results for  the two-dimensional 
case are reported in table  5 .2  and f i g .  5 .2 .  We notice that  there 
are sharp d iscon t inu i t ies  at the c r i t i c a l  points (56) .
-  100 -
TABLE 5.1 Joint density of states near c r i t i c a l  points for  the three-  
dimensional case. For convenience A = Att (a a a )  ̂ and B indicates
1 2  3
a constant which depends on the deta i led band structure.  The express­
ion O(E-Eg) indicates a quantity that vanishes at least l ine a r ly  when 
E-̂ E .
g
Joint density of states JVC
Type of c.p. Notation ai 92 a 3 E < E
g  ̂  ̂ ^g
Minimum , Mo + + + B+0(E-E ) g
B+A(E-E )&+0(E-E )
g g








Maximum M3 - B+A(E -E)=+0(E-E ) 
. .2 _ . 9
B+0(E-E ) 
9
TABLE 5.2  Joint density of states near c r i t i c a l  points for  the two-
dimensional case. For convenience A = (4n /c ) (a  a ) ,  and B indicates
1 2
a constant which depends on the deta i led band structure.
Joint density of states J
VC
Type of c .p . Notation a 1 a 2 a 3 E > E
9




Saddle point Ml + -  0 B -(A /n ) ln |1 - (E /E q ) | +0(E-E ) when EÿE 
g 9




The resul ts for the singular part of the d ie le c t r ic  constant near 
any type of allowed three-dimensional c r i t i c a l  point can be 
represented by the expression (7 ) :
1 + 1  1  
E ( w )  a  ( i )  ( w - w  )  ̂
9
(5.14)
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where j is the subindex which designates the type of c r i t i c a l  point .  
The shape of around a two-dimensional minimum can be obtained 
from the equation (5 .3 )  and the table  5 .2 .  The result  is the 
following expression:
Ce Cu) -  1] = -  ^ 2 l n | 1  -  ^ 2 1 (5 .15)
g
The shapes of E^(w) near three-  and two-dimensional c r i t i c a l  points 
are sketched in f ig s .  5.1 and 5 .2 .
5.3 Properties of the opt ica l  constants ( ind irec t  and forbidden 
t ra n s i t io n s )
We have considered only in teract ion between the electrons and
the electromagnetic f i e l d  result ing in ve r t ic a l  t rans i t ions  on an
E -  k diagram. There can be other perturbations of the system in
real crysta ls  as impur i t ies ,  dislocations etc .  There is f u r th e r ,
also in perfect  c ry s ta ls ,  the inte raction with the phonons as
quanta of the v ib ra t ion a l  modes of the crysta l  l a t t i c e .  The theory
was f i r s t  provided by Bardeen et al  (58) and has been reviewed by
Cardona (5 7 ) ,  and others.
An ind irec t  t rans i t ion  is produced by the in teract ion  of a
photon, an electron and a phonon. The imaginary part of the d ie le c t r ic
constant can be calculated by second order perturbation theory.
Terms representing the electron-photon and electron-phonon
interact ions are included in the Hamiltonian. The electromagnetic
in teract ion  takes the electron from the i n i t i a l  state  ( k . )  to a
- 1
v i r tu a l  intermediate state (k ) of the same crysta l  momentum
- V
(k^ = k^ ) ,  without conserving energy, while the phonon absorption 
or emission takes i t  from the intermediate state to the f in a l  state  
(k^ ^ k^) .  Energy must be conserved in the to ta l  process.
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The conservation Laws for  the complete t ra ns i t ion  are:
k. + k = k,  ± k ; E. + hw = E, ± E (5 .16)
- 1  -o - f  -p 1 f  p
The plus sign refers to phonon emission and the minus to phonon 
absorption; k^ is the photon wave vector and can be neglected; k  ̂
and Ep are the wave vector and energy of the phonon.
From second order perturbation theory are obtained close to
threshold for  parabolic bands the approximate expression (57)
(oj-O) ±W ) 2
e. Œ |M| 2   S— B—  ; fo r  w > w ± w
W=(Wf-W. ) 2  9 P
(5.17)
e. = 0 ; fo r  o) < w ± w
1 g P
M is the matrix element of the electron-phonon in te ra c t io n ,  which 
contains the temperature dependent phonon occupation numbers,|M|^ is  
therefore proportional to the Bose-Einstein function f  (w / t )  forb p
phonon absorption and f+1 for  phonon emission. The equation (5.17)
describes a rather  smooth var ia t ion  of e. near w . The curve consists
1  9
of several pairs of components with the thresholds of the two 
components of a pair  being equally spaced above and below E  ̂ by the 
amount E^. The temperature dependence of the two components is 
markedly d i f f e r e n t  since the phonon absorption process freezes out 
at low temperatures. In p r inc ip le  these can be as many pairs of 
components as these are phonon branches in the c ry s ta l .
No maximum in ref lectance is observable for  certa in  other types 
of absorption threshold. I t  has so fa r  been assumed that |M I is
V C
constant and non zero in the v ic in i t y  of an allowed t ra n s i t io n  in 
the e le c t r ic  dipole approximation. But i f  |M^^| = 0 at k^ the 
t ra n s i t io n  is said to be forbidden. In such cases an expansion of 
|M I near k gives terms in I k - k  I that w i l l  make IM I ^
' V C  - O  - O  V C
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proportional to (E-E ) and e. (E-E In such cases a maximum
g i g
in n and R is not detectable.  The same is  true for  ind irect  
t ra n s i t io n s .  The energy dependence of for ind irect  forbidden 
t rans i t ions  is e. (E-E )^ .  (52)
1 g
The absolute values of e. however, are some orders of magnitude 
lower than for  d i rect  t ra n s i t io n s .  Hence ind irec t  t rans i t ions  can 
only be observed in absorption at energies where no d i rec t  t rans i t ions  
occur and cannot be detected in ref lectance.  When character is t ic  l ine  
shapes are ava ilab le  from opt ica l  measurements, they are useful to 
id e n t i fy  the nature of the interband t ra n s i t io n  experimentally  
observed and therefore to determine i t s  location in the B.Z. when the 
band structure is known.
5.4  Experimental techniques
Direct  measurements of the d ie le c t r ic  constant in the opt ica l
spectrum are possible using el l ipsometr ic  techniques, but such
measurements are tedious and beset with problems of sample surface
preparation.  I t  is generally more convenient to measure absorption
and re f le c t io n  coe f f ic ien ts .  Absorption measurements may be used
only in spectral  ranges where the sample is  not highly absorbing.
This l im i ts  such measurements to photon energies below and s l ig h t ly
above the fundamental energy gap. R e f le c t iv i t y  measurements have
no such l im i ta t ions  and are useful over a wide spectral  range.
The absorption coef f ic ien t  a is related to the d ie le c t r ic  constant
we.(w)
a(u) = —  ------  (5 .16)
nc
where c is  the free space ve loc i ty  of l igh t  and n (the ordinary 
re fract ion  index) is the real part of the complex index of refract ion  
N = n + ik where k is known as the ext inct ion c o e f f ic ie n t .  The index
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of re f rac t ion  and the d ie le c t r i c  constant are related by:
= n^-k^ (5.17)
e.  = 2nk (5 .18)
So in order to determine E_(w) from experiments, opt ica l  
absorption measurements would be the most appropriate.  However, 
in those frequency ranges where there is strong absorption, i t  
becomes impractical  to measure a(w).
In semiconductor, as with other m a te r ia l ,  strong absorption is 
due to l a t t i c e ,  plasma and electron interband t ra n s i t io n s .  Above 
the fundamental gap, other parameters, such as reflectance (R) carry  
a l l  the information about and contain more deta i led  structure  
not ava i lab le  in absorption measurements.
The normal incidence r e f l e c t i v i t y  R is related to n and k by 
Fresnel 's equations:
R = -  (5.19)
(1+n)2+ k^
(e^+e?)^-  [26 + 2 (6 2+ 6 ? ) * ] *+  1 
R =   -------------     (5.20)
( E ^ + E ? )  +  [ 2 6  + 2 ( 6 2 + E ? )  ]  +  1r 1  r r 1
From equation (5 .20)  i t  can be seen that  i t  is  not possible to
separate 6  and 6 . from a single reflectance measurement at normal r 1
incidence r e f l e c t i v i t y .
Since r e f l e c t i v i t y  measurements involve a wide spectral  
range, i t  is not possible,  in the region above the fundamental 
energy gap, to make any simpl ifying assumptions about equation 
(5 .19 or 5 .2 0 ) .  I t  is possible,  however, to rewrite the Kramers- 
Kronig re la t ions in a form that provides s u f f ic ie n t  information 
to determine n and k. I f  we consider the complex re f lec t ion  
coe f f ic ien t  r :
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r = pe (5.21)
&
where p = R and 0 is the angular phase s h i f t  suffered by the 
incident l igh t  upon r e f le c t io n ,  related to R by the dispersion 
re la t ion  given by Tol l  (59)
p /  In p (w ' ) -
J
8 (w) = —  P I  dw' (5 .22)
n = --------------   (5.23)
p - 2 p  cos 0+1
k = — —-P— ■ —  ̂- (5.24)
p 2 - 2 p  cos 0+1
E. = -  — -~P— - ( 5. 25)
 ̂ (p2-2pCOS0+1)2
The in tegra l  of equation (5 .22)  is nonsingular for amo', since the 
experimental R(w) never exhib i ts  an i n f i n i t e  slope. This in tegra l  
is evaluated numerically with a standard polynomial integration  
formula. The low-frequency l im i t  of experimental data coincides 
normally with the region in which the opt ica l  constants (and hence p) 
become frequency-independent. I t  is assumed that no frequency 
var ia t ion  of p occurs below th is  l i m i t .  For low frequency we have:
E = constant,  e. = 0 ,  R(w) = constant (5.26)  r 1
At high frequencies, p becomes small and can be approximated by 
the asymptotic behaviour of e (62) for w -» m
£(w) -  T -  —  (5.27)
ü) 2
and
p(w) »  (5.28)
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where C is a constant which reconciles p(w) of equation (5 .28)  
with the experimental value of p at high-frequency cutoff
For the case of large-band-gap m aterials where typ ica l cutoff 
frequencies correspond to about 25ev photon energy, equation (5 .28)
can be modified by:
p(w) -  —  (5 .29)
The exponent m can be adjusted to  f i t  d i re c t ly  measured values
of e (or the absorption c o e ff ic ie n t)  near the fundamental absorption 
i
edge. In insulators and semiconductors m can be chosen so that the 
absorption co e ff ic ien t  is zero at frequencies below the fundamental 
absorption edge.
A discussion of the computational methods used are given by 
Roessler (61) and Cardona (62 ) .
5.5 Experimental conditions for the measurement of op tica l constants
The purpose of o p tica l measurements is  therefore to obtain
tra n s it io n  energies which can be re la ted  to the band structure .
When monochromatic l ig h t  s tr ikes  an o p t ic a l ly  smooth surface,
the l ig h t  is re f lec te d . The ra t io  of the in te n s ity  re f lec ted  (1^)
to that incident ( I  ) is known as reflectance (R). When some of theo
incident in te n s ity  is transmitted through the sample ( I ^ ) ,  then
transmittance (T) is defined as ( I _ / I  ) .T o
The surfaces of the sample must not scatter l ig h t  out of the 
o p tica l  path e ith er  upon re f le c t io n  or transmission. Therefore a l l  
the l ig h t  reflected  or transmitted must reach the detector. In 
a d d it io n ,  when i t  is known that the atmosphere, and the optica l  
components w i l l  absorb some of the rad iation  ,  the op tica l path 
of the l ig h t  must be kept the same fo r both the measurement of the 
incident in te n s ity  I^  and the re flec ted  (1^) or transmitted ( I^ j
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in te n s ity .  The e f f ic ie n c y  of the detectors and source must be
independent of time. I t  is  clear that a l l  of these conditions are
hard to meet simultaneously and with proper precision over the
whole photon energy range.
Modulated reflectance eliminates some of these problems when
AR/R or R*(w)/R(w) is  measured as a function of energy. Any
in te n s ity  losses reduce both AR (or R') and R by the same fa c to r .
The experimental configuration is drawn up to s a t is fy  the
simple Fresnel conditions and therefore the angle of incidence in
th is  kind of o p t ic a l  work is  kept near normal (^v7°). I f  the sample
-1
thickness is much greater than a ,  the r e f le c t i v i t y  a t  normal
incidence (R) is  given by the equation (5 .1 9 ) .
For experimental condition such that in terference e ffe c ts  due 
to in te rn a l re f le c t io n s  are n e g l ig ib le ,  the transmission is  given
where a is  the absorption co e ff ic ie n t  and d is  the sample thickness. 
Equation (5 .30 )  enables us to ca lcu late  a from the experimental values 
of T and R.
a = l  In (1-R)22T [-■ • M
I
(5 .31)
G enerally , the r e f le c t i v i t y  varies slowly with photon energy, 
and the spectra l v a r ia t io n  of the transmission is p r in c ip a l ly  due 
to the v a r ia t io n  of the absorption c o e f f ic ie n t .  The absorption 
c o e ff ic ie n t  characterizes the medium through which the wave is  
t r a v e l l in g .  The structure  in the r e f le c t i v i t y  is usually s im ila r  to 
that of the structure  in and of the type associated with a Van 
Hove c r i t i c a l  po in t .  I t  is  th ere fo re , sometimes possible to id e n t ify
-  1 1 0  -
c r i t i c a l  points in the re f le c t io n  spectrum without doing the Kramers- 
Kronig analysis.
5.6 Optical absorption of the compounds near the
fundamental edge. Analysis and re s u lts .
A standard grating monochromator was used to give radiation  
in the wavelength range 1.85 to 0.45pm which covered the required 
range fo r the various band gap energies of th is  family of quaternary 
m ateria ls . The l ig h t  source was a tungsten filam ent lamp powered 
by a s tab il ized  supply and the l ig h t  was chopped at the input to 
the monochromator. The output from the monochromator was focussed 
on the surface of the crys ta l and behind the sample was the 
photom ultip lie r. The outputfrom the pho tom ultip lie r  was applied to 
a p re -am p lif ie r  and lock-in  am p lif ie r  system, and the output of th is  
to a chart recorder. Thus a spectrum of the transmitted l ig h t  as 
a function of wavelength was obtained at room temperature for each 
m aterial and also the va r ia t io n  of the incident l ig h t  in ten s ity  as 
a function of wavelength. The ra t io  gives the transmittance (T) of 
the rad iation  through the sample. The absorption co e ff ic ien t  is 
given by equation (5 .3 1 ) .  In th is  equation R the reflectance can 
be taken as a constant over the range of wavelengths concerned.
For th in  specimens used in the measurements of very high absorption 
co e ff ic ien t  the denominator in the equation (5 .30) is e f fe c t iv e ly  
un ity .
Transmission data were processed by d ig i ta l  computer methods 
to obtain absorption co e ff ic ien ts  as a function of photon energy 
(hv). The absorption functions were analysed to id e n t ify  
in terband-transit ion  mechanisms. The general formulation for th is  
analysis has been developed in the sections (5 .2 )  and ( 5 .3 ) .
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For d irec t  band t ra n s i t io n s ,  the absorp tion ,coeff ic ien t should vary 
with photon energy as (A/hv) (hv-Eg)*^, where n is  ^ for allowed and 
3 /2  fo r  forbidden trans itions  and A is a constant. . For in d irec t  band 
t ra n s i t io n s ,  the absorption co e ff ic ie n t  should vary with photon 
energy as (B/hv)(hv-E^± E^)^ ,  where m is 2 for allowed and 3 for  
forbidden transmitions and B is a constant. A review of th is  
analysis is  given by Johnson (63 ) .  The computer program for the
absorption c o e ff ic ie n t  included the numerical ca lcu la tion  of
i 2 1 1(ahv) fo r  i = 2 ,  We plot these values versus hv.
This analysis of the absorption co e ff ic ien ts  for these
quaternary m ateria ls shows the r ise  of a follows the re la t io n
a = (A /hv)(hv-Eg)* (5 .32)
The d ire c t  gap was found from the p lot of the s tra ig h t l ine  (ahv)^
vs hv and the intercept gives us E = (h v ) . A typ ica l  curve ofg m t
th is  analysis fo r  CuGaSnoSe  ̂ is shown in Figure 5 .3 .  The values 
of the energy gaps of the materials are shown in tab le  5 .3 .  The 
values for re la ted  ternary I - I I I - V I g  compounds are included for  
comparison. As indicated in the chapter 2 ,  the quaternary defect 
compounds have the same chalcopyrite structure as the re lated te rnaries ,
I t  is  therefore  of in te res t  to look at changes in energy gaps from
ternary to quaternary.
I t  can be seen that for each ternary there is a systematic 
v a r ia t io n  of both energy gaps of the quaternaries re lated  with the 
same ternary . With the inclusion of the larger atom of Sn (compare 
with Ge) there is  an observed decrease in the energy gap. The 
inclusion of the atom Ge increases the energy gap compared with 
the re la ted  te rnary . Another change of in te res t is the higher 
value of the energy gap for s i lv e r  than for copper compounds.












Figure 5.3 Absorption data ind icating  d ire c t  t ra n s it io n  in 
CuGaSnOSe^, at room temperature
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TABLE 5,3
Comparison of physical properties of some ternary  and quaternary
defect adamantine compounds
SELENIDE COMPOUNDS
Ternary a (nm) c/a E (eV) 
9
Quaternary a (nm) c/a E (eV) 
9
CuGaSeg 0.5616 1.962 1.68 CuGaGeoSe^ 0.5568 1.947 1.854
CuGaSnoSe^ 0.5611 1.958 1.420
AgGaSeg 0.5992 1.817 1.73 AgGaGeoSe^ 0.5826 1.782 1.845
AgGaSnoSe^ 0.5869 1.843 1.690
CuInSe^ 0.5782 2.000 1.04 CuInGeoSe^ 0.5640 1.980 1.232
CuInSnnSe^ 0.5700 2.000 0.710
AglnSe^ 0.6102 1.910 1.24 AglnGeoSe^ 0.5759 1.877 1.575
AglnSnoSe^ 0.5877 1.920 0.940
CuAlSe^ 0.5617 1.940 1.94 CuAlGeoSe^ 0.5575 1.916 2.360
CuALSnoSe^ 0.5604 1.954 1.900
AgAlSeg 0.5968 1.800 2.65 AgAlGeoSe^ 0.5871 1.755
AgAlSnoSe^ 0.5882 1.821
SULPHIDE COMPOUNDS
CuGaSg 0.5349 1.959 2.43 CuGaGeoS^ 0.5302 1.926
CuGaSnoS,4 0.5358 1.956 1.910
AgGaSg 0.5757 1.790 2.73 AgGaGeS^ Orthorhombic
a = 0.8310 
b = 0.5775 
c = 0.5950
1.860
AgGaSnoS^ 0.5757 1.844 1.765
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TABLE 5.4
Energy gap of some quaternary normal adamantine compounds
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This is probably connected with a lower e lec tro n eg a tiv ity  value 
for s i lv e r  than fo r  copper. The unexpectedly low value of the 
energy gap for AgGaGeoSe^ may be connected with the high la t t i c e  
d is to rt io n  of th is  compound (c /a  = 1.782) producing changes in the 
band structure of th is  compound. Comparing only the defect 
quaternary compounds in th is  ta b le ,  i t  can be seen that as the 
group IV atom changes from germanium to the larger t in  atom 
there is an observed decrease in the op tica l band edge. This was 
observed also by D.M.Schleich and A.Wold (64) in the normal 
quaternary compounds reported in the tab le  5 .4 .  In th is  tab le  i t  
can be seen tha t where s i l ic o n  atoms are changed to the larger  
germanium atoms, there is  a decrease in the band gap. A s im ila r  
change in the band edge is also observed when the larger  
selenium atom is  substituted fo r sulphur.
5 .7  Electronic structure of the quaternary defect adamantine
compounds of the type I - I I I - I V - o - V I ^
The search fo r new semiconducting m aterials for app lication  in 
l ig h t  em itting diodes, lasers , solar c e l ls ,  l ig h t  detectors and 
nonlinear o p t ic a l  elements has resulted in a great deal of a c t iv i t y  
in the in vestiga tion  of the energy band structures of ternary  
compounds during the last decade and we report here the f i r s t  
analysis of the band structure of some quaternary defect 
adamantine compounds based on the experimental resu lts .
Since the crys ta l structures of the defect quaternaries under 
consideration (excepting AgGaGeS^) are very closely re lated  to the 
ternary compounds, and the I - I I I - V I g  chalcopyrite compounds are 
closest s tru c tu ra l  and e lectron ic  analogue I I - V I  compounds, we 
would expect that much useful information can be gained from the 
perturbation treatment based on the well established properties
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of the simple zincblende m ateria ls . Special consideration must, of 
course, be given to the vacancy in these compounds which cannot 
be trea ted  as a perturbation (66 ) .
The e lectron ic  band structures of I - T I I - V I g  and II-TV-Vg  
chalcopyrite semiconductors have been reviewed by Gorynova et a l  (6 7 ) ,  
Shay and T e l l  (6 8 ) ,  Shile ika (6 9 ) ,  Chaldyshev (7 0 ) ,  Shay and Wernick 
(7 1 ) ,  Sh ile ika  (72) and M i l le r  et a l (6 6 ) .  In th is  work some recent 
results w i l l  be considered and the problems fo r fu rther  studies of 
the energy band structure of these quaternary compounds w i l l  be 
discussed.
In the p a r t ia l l y  ordered defect chalcopyrite structure of 
these quaternary compounds there are f iv e  in te res ting  aspects of 
th is  s tructure
(a) Compression of the crys ta l l a t t ic e  along z-ax is  
(c < 2a ).
(b) Anion s h i f t  from the te trahedra l positions.
(c) Doubling of the u n it  c e l l  in the z -d ire c t io n  
resu lting  from the position of the three cations and 
the vacancy. Since the volume of the un it  c e l l  of 
chalc. la t t i c e  is  4 times that of zincblende the 
B r i l lo u in  zone (B .Z .)  is  4 times smaller.
A comparison of the B.Z. is  shown in f ig .  5 .4 .
(d) There are vacancies in to  the s tructure .
(e) There are s t a t is t ic a l  population of cations and 
vacancy (see chapter IV ) .
Calculations of the band structure of these compounds is not so 
simple, and requires inclusion of a l l  three f i r s t  points (non cubic 
p o ten tia ls )  and the last two points l is te d  above.
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Fig. 5 .4  Comparison of the BrilLouin zones of the zincbLende and 
chalcopyrite la t t ic e s .
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The most obvious e f fe c t  of the vacancies occurs in Lattice  
dynamics. The force constants associated with the missing atom go 
to zero. In th is  case the v ib ra t ion  mode drops s ig n if ic a n t ly  in 
frequency- This is  called the breathing mode which turns out to  
have several in te re s tin g  properties . In th is  mode the four neighbours 
of the vacancy move together along the anion-vacancy band d irec tion  
feee f ig .  5 .5 ) .  Grouped th e o re t ic a l ly  such a mode may be treated as 
having spherical symmetry, l ik e  an s - o r b i ta l  on the vacant s i te .
M i l le r  (66) reported that the irred u c ib le  representations  
( IR 's )  of the breathing modes may be found by performing a l l  
symmetry operations on such spherical basis functions and forming 
the scalar products of th in  characters with the rows of the character  
table  fo r  the appropriate point group. The IR 's  of the Lost modes 
may be found in a s im ila r  way using x ,  y and z displacement basis 
functions or p -o r b i ta ls .  Thus one vacancy per unit c e l l  has the 
symmetry of + y^ + z^ (A^) and the missing modes have that of 
X ,  y , z (02 + E).
The pos it ive  p o ten t ia l  energy at the vacant s i te  ensures that  
in the highest valence states the electrons are concentrated near the 
vacancies. Such bands are very f l a t  because they are made up of 
weakly in te ra c tin g  o rb i ta ls  associated with the vacancies and th e ir  
energies are extremely sensitive  to the breathing modes.
The absence o f an ion on the vacant s i te  makes the Coulomb 
f ie ld  seen by the anions not only s ig n if ic a n t  but also extremely 
asymmetric, espec ia lly  as seen by the breathing mode. We should 
therefore expect to observe nonlinear e f fe c ts .
The energy gaps observed in I - I I I - I V - o - V I ^  and I - I I I - V I g  
compounds are l is te d  in tab le  5 .3 .  These materials a l l  have d irec t





Two modes with displacements as shown in 
the neighbourhood of a vacancy. The correct 
Â  modes are l inear  combinations of these.
As the central constant is reduced, the lower 
lying Â  modes takes the form shown (breathing  
mode). See re f .  13.
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band gaps and we studied in CuGaSnoSe^ the three tran s it io n s  Eg 
and Ê  that characterise the chalcopyrite materials because of the 
crystal f i e ld  and sp in -o rb it  s p l i t t in g  of the T valence bands of
1 5
zincblende. The quasi-cubic model is  again f a i r l y  successful in 
describing the crys ta l f i e ld  s p l i t t in g  in terms of the tetragonal 
compression.
Fig. 5 .6  i l lu s t r a te s  the band structure of I - I I I - V I g  chalcopyrite  
compounds,and we propose the same band structure for the I - I I I - I V -
o-V I^  chalcopyrite compounds because th is  model explains our 
experimental resu lts  very w e l l ,  and also because these two groups of 
the adamantine fam ily  have the same crys ta l s tructu re . This f ig u re  
shows how the lowest d irec t  energy gap of chalcopyrite is  re lated  
to that of zincblende. The combined action of sp in -o rb it  coupling 
and tetragonal f i e l d  completely removes the t r i p l e  o r b i ta l  degeneracy 
of the zincblende T valence band. The f iv e - fo ld  degenerate d-
1 5
levels s p l i t  in to  a th re e -fo ld  F and a two-fold F in a te trah edra l
I S  1 2
f i e l d .  The sp in -o rb it  contribution s p l i ts  the p - l ik e  F into  F
1 5  8
and F levels  while the d - l ik e  F gives F and F in reverse order.
7 1 5  7 8
The F band derived from the d - l ik e  F band w i l l  force the p - l ik e  F
8 1 5  8
upwards reducing the band gap energy. Likewise, the close proximity  
of the two F  ̂ bands w i l l  reduce the spin o rb it  s p l i t t in g  of the 
p -leve ls  in cha lcopyrite . A mixing of the wave functions for these 
states w i l l  accompany the change in position of the bands and an 
estimate of the amount of hybrid ization  can be obtained e ith e r  from 
the downshift of the energy gap re la t iv e  to the cubic binary  
analogue or from the observed sp in -o rb it  s p l i t t in g s  of p - l ik e  binary  
analogue and atomic d - le v e ls .




tetrahedra l  
f i e l d
spin-








Fig. 5 .6  Sketch of the band structure of chalcopyrite compounds at 
the centre of B r i l lo u in  zones (Shay and T e l l  r e f .  68 ) .
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5.8 Reflectance measurements on CuGaSnoSe,■ ■ -■ -  ■■ 4
The object of th is  experiment is  to measure the values of 
reflectance as a function of wavelength or photon energy over an 
extended range fo r  a semiconductor whose re f le c t in g  surface has 
been prepared with care. In  our case the surface of the crys ta l  
was very good and no fu rth e r  polishing was necessary fo r the 
reflectance work. A back re f le c t io n  Laue photograph showed that the 
plane of the reflectance surface of the sample was the (112) and the 
princ ipa l c-axis was inclined at 35 .7 °  to th is  plane.
I t  is  possible to obtain a reflectance spectrum by two methods.
I  and I_  may be measured separately over the wavelength spectrum O K
and then R may be ca lcu la ted , or I  and I_  are found fo r  each 
wavelength, thus R, over the spectrum.
Optical measurements were performed with a system designed fo r  
measurements of specular reflectance and absorption on samples with 
small surface areas. The basic system employs a standard grating  
monochromator to give rad ia tion  in the wavelength range 0 .5  to 0.85pm 
which Covers the required range fo r  the various energy levels  in the 
v ic in i ty  of E^. The l ig h t  source was a tungsten filam ent lamp powered 
by s tab ilised  supply and the l ig h t  was chopped at the input to the 
monochromator. The output from the photom ultip lier was applied to  
a pream plifier and lock-in  a m p lif ie r  system and the output of th is  
applied to a chart recorder. Thus a spectrum of re f lec te d  signal 
as a function of wavelength was obtained at each temperature and 
also fo r  a standard aluminised glass. The ra t io  of sample to 
standard reflectance reading was taken as the reflectance value R.
A po la r ize r  could be placed in the beam between monochromator & sample 
so that the reflectance spectrum could be determined fo r  d i f fe re n t  po lar­
iza tions . Thus the spectrum with po la r iza tio n  perpendicular
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to the c-axis  was obtained, but i t  was not possible with normal 
re f le c t io n  to have the po la r iza tio n  p a ra l le l  to the c-axis  owing to the 
orien ta tion  of the sample face. However spectra were taken with the 
p o la r iza tio n  having a maximum component p a ra l le l  to c.
The use of the two p o la r iza tio n  orientations was necessary since 
the wavelength of the peaks corresponding to tra n s it io n s  (E^ and Eg) 
are obscured. From the second and th ird  valence bands could be 
determined sa t is fa c to ry .  From the curve ( f i g .  5 .7 )  without 
p o la r iz a t io n ,  i t  was not possible to obtain E^, the t ra n s i t io n  
from the highest valence band, with reasonable accuracy as is  shown 
by the curve. Figs. 5 .8 ,  5 .9  and 5.10 show the reflectance for  
room temperature 295K, 20ÜK and 4K respective ly  with the two 
po la r iza tio n  arrangements. To determine the wavelength of E^, 
graphs of AR = R„ -  R  ̂ were p lotted  as a function of X and the 
curves fo r  295K, 2Ü0K and 4K are shown in f i g .  5 .11 .
The varia t ions of E^, Eg and E^ with temperature are shown in 
tab le  5 .5 .
TABLE 5.5 Variation  of the tran s it io n s  to  a single conduction band 
from three valence bands for d i f fe re n t  temperatures.
Temp.(K) E.(eV)A Eg(eV) Ec(eV)
4 1.514 1.578 1.803
50 1.513 1.578 1.803
100 1.510 1.573 1.799
150 1.506 1.566 1.790
200 1.498 1.552 1.776
250 1.486 1.538 1.753
295 1.471 1.524 1.736
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Photon energy (eV). 
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0-80 0700-90 Wavelength ( jum).
Fig. 5 .7  R e f le c t iv i ty  spectrum of CuGaSnoSe  ̂ at room temperature.
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Fig. 5 .8 R e f le c t iv ity  spectrum of CuGaSnaSe^ at room temperature (29510
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Fig. 5 .9 R e f le c t iv i ty  spectrum of CuGaSnaSe^ at temperature 200 K
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Photon energy (eV). 












Wavelength (p m )
Fig. 5.10 R e f le c t iv i ty  spectrum of CuGaSnoSe^ at temperature 4K.
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Fig. 5.11 Graphs of AR = R -  R versus X for three
d if fe re n t  temperatures, 295K, 200K and 4K
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5 .9  Temperature dependence of bands s truc tu re , analysis and results
As was found in the case of the chalcopyrite a lloys of CuGaC 
Se. S )_ ,  the Varshni equation (73) could not be made to give a good1-X X 2 3 3
f i t  to th is  experimental data. Hence here again the equation of
Manoogian and Leclerc (74) was used in the form
2 / 3
AE = E -  E = UT + vetcoth (0/2T) -  1] (5 .33)o
where U, V and 0 are parameters independent of temperature. The
f i r s t  term in equation (5 .33 ) represents the e f fe c t  of l a t t ic e
d i la t io n .  I t  is  the function of T raised to the power ( 2 /3 ) .
The second term represents the contribution due to v ib ra t io n
frequency (0) of the phonon, where 6 = hv/k with v being the
average e x c ita t io n  frequency. Manoogian and Leclerc (74)
indicate tha t k0 is  the mean phonon energy fo r  the m ateria l and
so in the present an a lys is , the condition has been imposed that
0 has the same value of a l l  three curves. These three curves
have been obtained with seven variables by 0, U^, Ug, U^, V^, Vg
and Vç. Under those conditions good f i t s  were obtained to a l l
curves as is  shown in f i g .  5 .12 .
The resu lt ing  values fo r  the f i t t e d  curves are:
E.: E* = 1.514eV 0 = 505 K U = 5 .2  x 10"^ V. = 1.81 x lOT^A Aq a a
E„: E_ = 1.578eV 0 = 505 K U_ = 9 .8  x 10”  ̂V_ = 2 .2 8 x 10 "*
D Dq D O
E„: E. = I.SGBeV 0 = 505 K U. = 4.1 x 10“  ̂ V_ = 3 . 0 0 x10“^
B Cq C c
I t  is  of in te re s t  to compare these values with those obtained
for the CuGa(Se. S ) ,  a l lo y s .  In that case, the value of 0 1-x X 2
varied from 771 K fo r  CuGaSe^ to 884 K for CuGaSg. The value of 
k0 e f fe c t iv e ly  measures the average bond strength in the m a te r ia l.
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I...experimental values 















Fig. 5.12 Variation of Eg and trans it ions  with temperatu re
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so th a t a lower value of 0 in CuGaSnoSe  ̂ is  not unreasonable since
i t  is  a defect structure with an average of one cation s i te  for
every four vacant.
The V term is the dynamic term due to phonon in te rac tion
again the V parameters here are smaller than those of CuGaCSe. S ) ,1-x X 2
The U term is a s ta t ic  or d i la ta t io n  term and the present values
are a fac to r  of 3 or 4 less than those of the a l lo y s . Both of
these e ffec ts  may be due to the softer constant of the defect
s truc tu re . Here < Vg < which is consistent with the
v a r ia t io n  in the CuGaCSe. S ) ,  case. In that case i t  was found1-x X 2
that the Ug var ia t io n  was approximately twice that of U^. Here 
again and are approximately of the same size while Ug is  
roughly twice the value. The A valence bands on symmetry and 
B is r  . I t  appears for the materials considered that the 
d i la t io n  e ffe c t  is  considerably larger fo r  a band than a Fs
band.
For the linear  part of E ^ ( t ) ,  Eg(t) and E^(t) above 190K we
obtain
dE. _4 dE _4
-g p  = -2 .7  X 10 (eV /K ),  -g p  = - 3 .4  x 10 (eV /K ),  and
dE. _ 4
— -  = -4 .2  X 10 CeV/K). 
dt
Hoppfield (65) has discussed a model fo r  the s p l i t t in g  of 
p - l ik e  levels in a nearly cubic c ry s ta l ,  including both the 
e ffe c ts  of a noncubic c ry s ta l l in e  f ie ld  and sp in -orb it  i te r a t io n .  
Within th is  so c a l le d ,  quasicubic model, the energies of the F^
levels re la t iv e  to the F level in the valence band of a
6
chalcopyrite crys ta l are given by:
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i
(5 .34 )
where is the sp in -orb it  s p l i t t in g  of the valence bands in a 
cubic f i e l d ,  is the c r y s ta l - f ie ld  s p l i t t in g  of the valence 
bands in the absence of sp in -orb it  in te ra c t io n ,  -  Eg and
Eg = Ê  -  Eg. From the equation (5 .34 )  we obtain
Acf = i<(C2 + El) - [(^2 + El)' - (5 .35 )
Agg = ^{(Eg + E^)+ CCEg + E )̂ '̂ -  ÔE^EjD } (5 .36 )
Replacing the experimental values fo r  E.j and Eg in the equations
(5 .35) and (5 .36) we obtain the crys ta l f ie ld  s p l i t t in g  and the 
sp in -o rb it  s p l i t t in g  fo r each temperature and the results  are 
shown in the table  5 .6  and the v a r ia t io n  with the temperature is  
sketched in Fig. 5 ,13 .
TABLE 5.6 Variation of sp in -orb it  and crysta l f i e ld  s p l i t t in g s  
with the temperature
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Fig. 5.13 Crystal f ie ld  s p l i t t in g  and sp in -o rb it  s p l i t t in g  versus 
temperature.
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Theoretica lly  is  re lated  to the c/a value by:
A , = - | b C 2 - - :  (eV) (5 .37)cf 2 a
where b is  the deformation p o te n t ia l .  I f  b is  assumed to be 
- 1 .0 ,  the value for the ternary analogue CuGaSe^/ with c/a = 1 .958,  
equation (5 .37) gives A^  ̂ = -0 .063  eV fo r  the room temperature 
value, as compared with the value from the experimental data 
of -0.071 eV is very good agreement.
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CHAPTER 6
STUDY OF THE OPTICAL PROPERTIES OF I-III-IV-O-VI,SEMICONDUCTORS----------------------------------------------------------------------------------  — 4-------------------------
BY WAVELENGTH MODULATION
6.1 In troduction
The object of th is  chapter is  to study the optica l proper­
t ie s  of AgGaSnoSe^ and CuGaGeoSe  ̂ by wavelength modulation 
re flec tance. Experim entally, the app lication  of op tica l  
d e r iv a t iv e  spectroscopy to solids has g rea t ly  improved the 
resolution of o p tica l  spectra.
The common feature  of a l l  modulation techniques of op tica l  
spectroscopy is  the measurement of the d e r iva t iv e  of some 
optica l property (e .g .  absorption or reflectance) with respect 
to some parameter (7 5 ) .  The s e n s it iv i ty  in the measurement 
of th is  d e r iv a t iv e  can be made very large with the use of 
phase-sensitive detection techniques. The various methods 
that have been used can be divided in to  two general classes 
according to  the choice of the parameter of d i f fe r e n t ia t io n :  
on the one hand we have wavelength modulation techniques 
(76 , 77 , 78, 7 9 ) ,  in which the var iab le  of d i f fe r e n t ia t io n  is 
the wavelength of the ra d ia t io n ,  and on the other we have 
sample modulation techniques, in which the var iab le  of 
d i f fe r e n t ia t io n  is an external perturbation applied to the 
sample (e .g .  stress (80 ,  81 , 8 2 ) ,  temperature (8 3 ) ,  e le c t r ic  
f ie ld  (76 , 84) magnetic f i e ld  ( 8 5 ) ) .  In a l l  these schemes 
except wavelength modulation the in te rp re ta t io n  of the 
d er iva t ive  spectrum depends very much on how the so lid  responds 
to the perturbation . Thus, in e lec tro re f le c ta n c e , we must
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know how the band structure of the so lid  change with an applied  
e le c tr ic  f i e l d .  In piezoreflectance and thermoreflectance, we 
must know the var ia t io n  of the band structure as a function of 
pressure and temperature respective ly . Unfortunately our 
knowledge on such properties of these quaternary compounds is  
l im ited . Therefore, the fac t that no perturbation on the 
crysta l is needed makes the wavelength modulation reflectance  
method most a t t ra c t iv e  to  study the op tica l properties of these 
compounds. Since the wavelength modulation is simply the 
deriva t ive  of the normal spectrum, there is no ambiguity in 
the in te rp re ta t io n .
However, un like the other modulation schemes, the wave­
length modulation method requires carefu l construction of the 
experimental system in order to e lim inate the huge background 
in the der iva t iv e  spectrum. In th is  chapter, the p r inc ip les  
of operation construction and the d e ta i ls  of th is  technique 
are described.
6 .2  The wavelength modulation spectrometer
The discussion of the change of a simple spectrometer into  
a modulation spectrometer w i l l  be lim ited  to r e f le c t i v i t y  
measurements (the extension to absorption measurements is  
t r i v i a l ) .  In order to extend wavelength modulation techniques 
to r e f le c t iv i t y  measurements covering a wide spectral range, 
improvements of 100 to 1000 in re jection  of the unwanted 
signal must be accomplished. The modifications necessary to 
convert the basic spectrometer to a wavelength modulation 
system w i l l  be f i r s t  discussed, and then the double beam
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detection system used fo r  el iminat ing the unwanted signals due 
to the wavelength der ivat ive  of the incident l ig h t  in tens i ty  
w i l l  be described.
6.2.1 The re fractor  p late  modulator
The f i r s t  modification of the spectrometer is the convertion 
of the monochromator to a wavelength modulated l ig h t  source. 
Several schemes such as v ibrat ing  mirrors and v ibra t ing  s l i t s  have 
been proposed as methods by which the radiat ion emerging from the 
exit s l i t  of the monochromator may be wavelength modulated.
The method suitable for  use on the Spex monochromator is a 
technique suggested by Drews (86) and G i lgore ,  et a l .  (87) .
This technique u t i l i z e s  the l a te ra l  displacement suffered by a 
beam of l ight  passing through a d ie le c t r i c  slab at an oblique  
angle of incidence. This displacement produces a v i r tu a l  
displacement at the entrance s l i t  of the monochromator as 
shown in f i g .  6 .1 .
The beam is  displaced by an amount:
Ad = T f l  -  cos 6_ ~j 
L /n  -s in ^ 6 j
0 (6 . 1)
where n is the index of re f rac t ion  of the d ie le c t r i c  slab.
I f  "D" is l inear  dispersion of the monochromator, then the 
change in wavelength AX of the radiation emerging from the 
monochromator w i l l  be:
AX = D(Ad) (6 .2 )
I f  sin 0 is made to vary harmonically as:
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sin 0 = B cos($7 t )  (6 .3 )
2
Where B < < 1 ,  thus the wavelength of the Light emerging 
from the exi t  s l i t  of  the monochromator w i l l  have the form:
A = X + AX = X + DCAd) (6 .4 )o o
where X  ̂ is the mean wavelength. From the equation 6.1 i t
follows that the wavelength X should fol low the re la t ion
X = X + TD(1 -  - )  B cosiü  t )  (6 .5 )
o n 2
The equation (6 .5 )  has the form:
X = X + a cosCü t )  (6 .6)o 2
-1
where a is a constant equal to (TDCI-n ]B ) .
Let us calculate the ref lected (or transmitted) l ight
in tens i ty  as a function of mean wavelength X̂  and time t .  The
l ight  ref lected (or transmitted) at a wavelength X is a
function of X and represented by I_ (X )  (or I_(X )  = 1 5  F(X).
K I
The corresponding signal i^  from the photomultip l ier is  then 
given by (88):
i = C F(X + a cos t )  (6 .7 )
P 0 2
where C is a proportional constant and the spectral
var ia t ion  of photomultip l ier and l ig h t  output from the lamp
have been ignored because of the small wavelength range
considered. I f  *a* is small then expanding equation 6 .7  in
terms of a sin t  (by Taylor 's  expansion), th is  equation
2
becomes :
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o
(  dF ^  d^F \
r  d l + 12 d l :  + I
\  O 0 /
sin t  +
2
( " 4  d . . . ^ c o s  0 t  + . . . j (6 . 8)
The signal from the photomult ip l ier ,  is fed into  a d i f f e r e n t i a l
am p l i f ie r  and then into the phase-sensitive detector (see f igure
6 . 2 ) ,  therefore contains one component of angular frequenct fî ,
2
and another component of angular frequency 2Ü . Two d i f fe re n t
2
cases w i l l  be considered:
(a) When the reference signal is fed to the phase-sensitive  
detector is at frequency ,  then the dc output S„ from the
2 362
phase-sensit ive detector is  given by
= A
L o o J
where A is a proportional constant.  Thus i f  a is small
Sn «  (A a) 3T  (6.10)362 dAo
(b) When the reference signal frequency is doubled and is in 
phase with the cos( 2 ^ 2 t )  component of the photomult ip l ie r  output 
then the dc output S is given by
dill
g— ^ 2  + higher order term^ (6.11)
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where B is a proportional constant. Thus if  a is small
r  4 j d (6.12)
Thus, i f  the experimental arrangements leading to equations 
(6.10)  or (6.12)  are used, the signal S from the output of 
the phase-sensit ive detector is  proportional to e i ther  the
I it
f i r s t  der iva t ive  (F ) or the second der iva t ive  (F ) .
6 .2 .2  The double beam detection system
The major modification required to adapt the basic 
spectrometer for  use in wavelength modulation measurements is 
concerned with the el iminat ion of  the background. In 
reflectance experiment the ref lected l ig h t  in tensi ty  1^ 
is given by:
I -  = I  R (6.13)
K O
where R is the sample r e f l e c t i v i t y  and I^  is  the incident  
l ight  in te n s i ty .  The normalized der iva t ive  of 1^ with respect 
to the wavelength is  given by:
i  1ÜT = R 131 " d f  (6 .1 4 )
The equation (6.14)  contains two terms. The f i r s t  term is 
the normalized der iva t ive  of the sample r e f l e c t i v i t y  and is 
the quant ity we wish to determine. The second term is the 
normalized der ivat ive  of the incident l ig h t  in tens i ty  and 
makes an undesirable contribution to the wavelength modulation 
signal .  With the double beam detection system the values of
-  14 2 “
-1 “ 1(dI_/dÀ) and I  (dl  /dX) can be simultaneously measured 
R R 0 0
and obtaining (by e lectronic  subtration)
i  3 1  = T  I T T  " T  ’ d T  (6.15)
In order to perform the subtract ion,  a double beam detection  
system has been used for  the basic spectrometer (78 , 89 ,  90 ) .
The double beam detection system u t i l i z e s  two detectors as 
shown in f igure  6 .2 ,  In th is  system the wavelength modulated 
l ight  emerging from the monochromator is divided into two 
beams by a neutral  beam s p l i t t e r .  The ref lected l ight  is
focussed on a reference detector while the transmitted l ight
is ref lected from the sample to a second detector .  The 
l ight  reaching the sample photomultip l ie r  contains the a .c .
signal (at ÇI ) that is  proportional to
2
S (0 ) = [R (1“ R. ) l ' + I  (1-R. ) r ' :  ax (6.16)s 2  s b o o  b s
Where R^, R^, I^ and AX are the beam s p l i t t e r  r e f l e c t i v i t y ,
sample r e f l e c t i v i t y ,  incident l i g h t ,  and wavelength modulation
amplitude, respect ively.  In th is  equation we assumed that R̂
is independent of wavelength and that AX is small enough so
that only f i r s t  der ivat ives terms are important.  The d .c .  signal
from th is  detector is proportional to
S (n = 0) = (1 -  R. )R I  (6.17)
S 2 b s o
Hence, i f  we normalize the a .c .  signal by holding the d .c .  
signal constant with the electronic servo system shown in 
d e ta i l  in the f igure  6 . 3 ,  then the signal at frequency 9.2
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becomes proportional to
r  . dl  . dR 1
= I  -d T  + R i r r l  ^6.18)
L 0  s J
From s im i lar  considerations applied to the reference 
photomultip l ier  i t  is apparent that the normalized signal  
from th is  detector at frequency is proportional to
= [ t  ̂ - d f  ]  (6-19)
But the proport ional i ty  constant is not necessari ly the 
same fo r  both detectors; p a r t ic u la r ly  when two d i f f e r e n t  
kinds of photomultip l iers are used. We can overcome th is  
d i f f i c u l t y  by the fol lowing procedure. The sample detector  
is normalized to a d .c .  signal (30mV). A wavelength 
independent modulation of the incident in tens i ty  = 577Hz) 
is added at a frequency 0^ d i f fe re n t  from the wavelength
modulation frequency (fi = 100 Hz).  Hence, the normalization
2
of the two detectors w i l l  match i f  the two signals at
are equal.  We use a d i f f e r e n t i a l  am p l i f ie r  to obtain the
di fference of  the two signals.  The d i f ference signal at
frequency ^ is measured with a lock- in  am p l i f ie r  (LIA)
which drives an electronic  servo system to adjust the gain
of the reference photomultip l ie r  to nul l  the d i f ference signal
at Q . A second LIA is used to measure the component of the 
1
di fference signal at frequency which (according to equations
-1
6.18 and 6.19)  is proportional ro R̂  (dR^/dX). The output 
of th is  second LIA is plotted continuously with a chart 
recorder.
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The uncompensated po lar iza t ion  in a double beam system 
can account for  background signals.  This problem can be 
eliminated by placing a po lar izer  at the ex i t  s l i t  of the 
monochromator with the pass axis oriented e i th er  p a r a l le l  or 
perpendicular to the plane of incidence. Care must also be 
taken to insure that the angles of incidence of the l ight  
sample and beam s p l i t t e r  are kept small to avoid addit ional  
signals due to the wavelength dependence of the Brewster angle.
6 .3  Experimental results
In f igures 6 .4  and 6.5  the der iva t ive  spectra dR(E)/RdE 
of AgGaSnoSe^ and CuGaGeaSe^ are shown at room temperature 
(295 K) .
The spectra of these two crysta ls  are are very much a l i k e ,
r e f le c t in g  the s im i la r i t y  of t h e i r  band structure .  The
discussion of the band structure of these quaternary compounds
was made in chapter 5. Following the notation of chapter 5,
we labe l led  the three peaks E ,  E and E_ to t rans i t ions  toA d L
a single conduction band from three closely spaced valence 
bands derived from the p - l i k e  T  level in zinc blende
1 5
compounds. The three fo ld  degeneracy is completely l i f t e d  
by the combined influences of sp in-orb i t  in te rac t ion  and 
noncubic c ry s ta l l in e  f i e l d .  .
In table  6.1 the l i s t  of the posit ions of a l l  the
-1r e f l e c t i v i t y  peaks (zeros with negative slope in the R (dR/dX) 
spectrum) obtained for these two compounds in the range of 
energy between 1.5 to 3 .0  eV.
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TABLE 6,1
ROOM TEMPERATURE VALENCE BAND PARAMETERS OF 
AgGaSnoSe  ̂ AND CuGaGeoSe  ̂ CRYSTALS (IN eV)
Material ^A Ec -A^^(expt) -A^^(Theory) ^SO
AgGaSnoSe^ 1.680 1.930 2.120 0.298 0.230 0.238
CuGaGeoSe^ 1.856 2.020 2.160 0.200 0.232 0.174
We now proceed to comment on the room-temperature spectrum of 
each semiconductor separately .
6 .3 .1  AgGaSnoSe^
The f igure  6 .4  shows the der iva t ive  spectrum of th is  
mater ia l .  The value fo r  the energy gap obtained in the der iva t ive  
spectrum (E^ = 1.680 eV) is in very good agreement with that  
obtained by absorption measurement (E^ = 1.685 eV) in Chapter 
5 (Table 5 . 3 ) .
In  Chapter 5 we used the Hoppfield model to explain the 
s p l i t t in g  of p - l i k e  levels in nearly cubic cys ta ls ,  including 
both the e f fects  of non-cubic c r y s ta l l in e  f i e l d  and spin-orb it  
in te rac t ion .  The equations 5 .34 ,  5.35 and 5.36 are used in 
order to calculate the crysta l  f i e l d  s p l i t t in g  (A^^) and 
spin o rb i t  s p l i t t in g  (A^^) reported in the Table 6 .1 .
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Because is dominated by the b u i l t - i n  Latt ice
compression in these quaternary m ater ia ls ,  in a s imi lar  manner
to the analogue ternary compounds, equation 5.37 was used to
calculate the A , ( theory ) ,  from the c/a value (A , = - ( 3 / 2 )  ct cf
bC 2-c /a ] ) .  The value of the deformation potent ia l  b is 
assumed to be - 1 . 0  (eV) ,  the value fo r  the ternary analogue 
(AgGaSeg). From chapter 3 (Table 3 .1)  the value of c/a is
1.849.  Using th is  value the equation 5.37 gives A^  ̂ = -0.230eV  
at room temperature, as compared with the value from the 
experimental data of -0 .298 eV.
6 .3 .2  CuGaGenSe,
— -----------  4
The f igure  6.5 shows the der iva t ive  spectrum of 
th is  m ater ia l .  Comparing the value of the energy gap obtained 
by the der iva t ive  spectrum (E^ = 1.856 eV) and the value 
obtained by absorption measurement (E^ = 1.854 eV Table 5 .3)  
are in very good agreement. The value of the crysta l  f i e l d  
s p l i t t in g  (A^^) experimental (0.200 eV) and theory value 
(0.232) are also in very good agreement.
The der iva t ive  spectra show clear  improvement of 
resolution over the conventional technique. We can consistently  
assign a l l  the observed r e f l e c t i v i t y  peaks to proper 
t rans i t ions  between bands. Values of sp in -orb i t  and crys ta l  
f i e l d  s p l i t t in g s  at the V symmetry point in the B.Z. can then 
be deduced. Results agree well with theore t ica l  ca lculat ions.
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CHAPTER 7
CONCLUSIONS
7.1 Synthesis,  growth and x-ray analysis
The quaternary normal and defect adamantine compounds can 
be considered to be the natural extensions of the ternar ies  
because of very close s tructura l  analogies. In table  2.1 and 2.2  
are l is ted  a l l  the quaternary compounds synthesized up t i l l  now, 
with the respective s t ruc tu re ,  space group and l a t t i c e  parameters. 
The quaternary compounds are divided into two main groups, the 
normal and defect adamantine structures. In the normal quaternary 
adamantine compounds s ix ty  two compounds have the composition 
I g - I I - I V - V I ^ ,  twenty four the composition I - I I g - I I I - V I ^  and two 
the composition I ^ - I I - I V g - V I y .  In the defect quaternary 
adamantine compounds twenty six have the composition I - I I I - I V - O - V I ^  
and three the composition I - I I I g - O - V I ^ - V I I .  These 117 quaternary 
adamantine compounds should be enlarged with many new compounds. 
Many of these new quaternary adamantine phases are proposed in 
chapter 2.
From the systematic study of the quaternary defect compounds 
of composition I - I I I - I V - O - V I ^ ,  three d i f f e r e n t  structures have 
been found. One is the p a r t i a l l y  ordered defect chalcopyrite  
structure ,  the second is  the super-ionic spinel s t ructure .  The 
th i rd  one is the h i therto  unknown structure of AgGaGeS^, with 
orthorhombic symmetry. Many te l lu r id e s  do not appear to be single  
phase at th is  composition. For twelve selenide compounds and 
three of the sulphur compounds, the st ructure was found to be 
te tragonal .  The (c /a )  ra t io  of approximately 2 was confirmed
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for  a l l  of tetragonal compounds by a study of  the ordering l ines  
observed in the powder photographs. In a l l  cases except CuGaSnoSe^ 
and CuAlSnoSe^ the quaternary unit  ce l l  is smaller than that of the 
ternary one. This is presumably because the vacancies allow the 
atoms to pack s l ig h t ly  more c losely .
The c/a ra t io  fo r  the normal quaternary compounds is bigger 
than the defect quaternary. That is the ind icat ion  that the 
structure of the defect quaternary compounds is more distorted than 
the st ructure of the normal quaternary compounds, and bigger non­
l inear  ef fects  should be expected in the defect quaternary compounds.
CuGaSnOSe  ̂ was chosen as the archetypal compound of quaternary 
defect adamantine compounds to study the crys ta l  s tructure of these
compounds. The structure was found to be the p a r t i a l l y  ordered defect
12
chalcopyrite s t ructure ,  space group I42d (D ) and point positions
2d
was found fo r  an ABXg with:
= Cu and Ga at random in (a) 0 ,0 ,0 ; 0 , 2 , i ; 2 , 2 , 2 ; % , o , 5
= Sn and □ at random in (b) 0,0,%; 0 ,2 ,5 ; 2 ,2 ,0 ; J , o , J
= Se in (d) x , l , 8 ; x ,5 ,s ; 5 ,x ,s ; 1 * 74 , X , 8
The parameter X ,  locating the posit ion of the Se atoms in the un i t  
c e l l  was found to be 0.2571. I t  w i l l  be in te res t ing  to discover  
whether the vacancy always teams up with the group IV atom in the 
chalcopyrite s t ructure ,  whether complete ordering is possible 
under other growth conditions and i f  so with what structure .
The results of the high temperature l a t t i c e  parameter 
determination in CuGaSnOSe  ̂ are in terest ing  and th is  is worth 
extending to other defect quaternary adamantine compounds.
A second phase at 59ÜK was found by d i f f e r e n t i a l  thermal ana lys is .
-  153 -
x-ray analysis indicated that th is  second phase is probably the 
dichalcogenide SnSe^- The increase in the tetragonal compression 
with temperature could be explained in terms of the d i f fe re n t  
thermal expansions of the A-Se CA = 2  (Cu+Ga)3 and
B-Se [B = 2 (Sn + o ) ]  bonds.
A modification of Penddlofen vapour transport was described 
in chapter 3 produced single crystals  which were large enough 
for  opt ica l  and x-ray measurements. This in terest ing  technique 
proved that i t  is possible to transport simultaneiously three  
non-votat i le  metals in the closed tube.
7.2 Electronic band structure
We propose the same band st ructure as the I - I I I - V I g  
chalcopyrite compounds fo r  the I - I I I - I V - o - V I ^  defect quaternary 
adamantine compounds, because th is  model explains our experimental 
results very well and also because these two groups of the 
adamantine family have very closely related structures. The 
f igure  5 .6  i l l u s t r a t e s  the band structure of the chalcopyrite  
compounds at the centre of B r i l lo u in  zones. F i t t in g  the energy 
band st ructure of zinc blende compounds in to smaller chalcopyrite  
B r i l lo u in  zone gives a general understanding of the band 
structure of I - I I I - V I ^  and I - I I I - I V - O V I ^  compounds. The combined 
action of sp in-orb i t  coupling and tetragonal f i e l d  completely 
removes the t r i p l e  o r b i ta l  degeneracy of the zinc blende 
valence bands. The f i v e - f o l d  degenerate d- levels  s p l i t  into a
three- fo ld  T and two-fold T in a tetrahedral  f i e l d .  The spin-
1 5  1 2
orbi t  contribution s p l i ts  the p - l i k e  T into V and F levels
15 8 7
while the d - l i k e  F gives F and F in reverse order.  The F band
15 7 8 a
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derived from the d - l i k e  V band w i l l  force the p - l i k e  F
15 8
upwards reducing the band gap energy. Likewise, the close 
proximity of the two F bands w i l l  reduce the spin orbi t  
s p l i t t in g  of the p- levels  in chalcopyrite .
The results of absorption measurements in the region of 
the lowest d i rec t  t ra n s i t io n  shows the rise the absorption 
coeff ic ien ts  ( a )  fo r  these defect quaternary materials follows  
the re lations 5.32.  This is a general feature of d irect  gap 
semiconductors. There was found to be systematic var ia t ion  of 
both energy gaps of the quaternaries related with the same analogous 
ternary.  With the inclusion of the larger atom of Sn (compared 
with Ge atom) there is an observed decrease in the energy gap.
The inclusion of the atom Ge increases the energy gap compared 
with the related ternary .  Another change is  the higher value 
of the energy gap for  s i l v e r  than copper compounds. This is 
probably connected with a lower e lectronegat iv i ty  value for  
s i lv e r  than for  copper.
The reflectance and wavelength modulation reflectance method 
gave st ructure at energies above the band gap. The experimental 
l im i t  of observation was at 3.0eV. I t  should be very inte resting  
to do these measurements above 3.0eV in order to observe the 
complete e lectronic structure of these mater ia ls.
The other goal that has been achieved in th is  work is the 
construction of a very sensit ive wavelength modulation spectrometer.  
The der ivat ive  spectra show clear  improvement of resolution over 
the conventional technique. We can consistently assign a l l  the 
observed r e f l e c t i v i t y  peaks (zeros with negative slope in the 
R (dR/dX) spectrum) to proper t rans i t ions  between bands.
Values of sp in-orb i t  and crysta l  f i e l d  sp l i t t in g s  at the centre
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of the b r i l l o u in  zones was calculated. Results agree well  with 
theore t ica l  ca lculat ions.
Our measurements at various temperatures also y ie ld  
valuable information about the temperature dependence of the band 
structure .  A l l  the r e f l e c t i v i t y  peaks sh i f t  to higher energies 
at lower temperatures. There are two kinds of contribution to 
th is  e f fe c t ;  one is due to the e f fect  of volume thermal 
expansion of the c r y s ta l ,  and the other one arises from the 
electron-phonon interact ions in the c rys ta l .
7.3 Possible applications
The f igure  7.1 shows a selection of various classes of 
semiconductive compounds ordered by t h e i r  energy gap Eg. As 
pointed out by Loferski (91) and Shockley and Queisser (92 ) ,
H.J.Bachmann et al (9 3 ) ,  the optimum Eg for  solar power 
conversion is in the v i c i n i t y  of 1.4eV varying by ± 0.2eV 
depending on geometrical factors and on absorption conditions 
in the atmosphere. There exist  several compounds, e .g .  GaAs,
InP,  CdTe, CuInS^, AglnGeoSe^, CuGaSnoSe^ and CuInGenSe^, within  
th is  optimum energy range which is indicated in f igu re  7.1 as 
a cross hatched band. The dashed area in th is  f igure  corresponds 
to the v is ib le  region. Al l  these materials have a d i rect  band 
gap which makes them p a r t ic u la r ly  suited for  po lycrys ta l l ine  
th in  f i lm  applications since the absorption length fo r  radiation  
of energy near Eg in such materials is of the order of ^ tym so 
that a grain size of s im i lar  dimensions suff ices to avoid boundaries 
in the minority c a r r ie r  d i f fusion path to the p-n junction.
A basic requirement for  the fabr icat ion  of a heterojunction
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PbTeIn As ZnSnSb— j 
CdSnAs^/~j
Figure 7 .1 .  Energy gap of compound semiconductors at 300K. The cross 
hatched band shows the optimum energy range fo r  solar c e l l  applications  
and the dashed area corresponds to the v is ib le  region.
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is that the Latt ices of the two materials match each other.
Figure 7.2 shows the compounds in f igure  7.1 ordered by the 
l a t t i c e  parameters. As can be seen i t  i s ,  in p r in c ip le ,  always 
possible to select a su i table  substrate material  for each of the 
defect quaternary compounds assuming a s u f f ic ie n t ly  low l a t t i c e  
m isf i t  to grow high-qual i ty  ep i tax ia l  layers. For the 
preparation of po lycrys ta l l ine  thin f i lm  solar c e l l s ,  generally  
a good l a t t i c e  match is required for  the crystal lographic  
or ientat ion  that* contributes to the interface of the p-n junct ion.  
For single crysta l  devices good l a t t i c e  match on one p ar t icu la r  
crystal lographic plane is su f f ic ien t  in noncubic la t t i c e s .
V i r tu a l ly  no work has been done on the doping and e le c t r ic a l  
properties of these optoelectronic mater ia ls ,  so i t  is hard to 
say what pract ica l  applications may emergy. However they do 
provide a s c i e n t i f i c a l l y  interesting extension of the range of 
adamantine semiconductors.
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Figure 7.2 La t t ice  parameters of compound semiconductors at 300K
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